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Abstract
The development and application of bio-based composite materials have been
frequently studied. Most of the work is done on quasi-static performance of these
materials. However, these composites are highly non-linear therefore there is need for
investigation of their viscelastic and viscoplastic behavior. This thesis is dealing with
characterization and modeling of behavior of bio-based composite. The effect of
temperature and relative humidity on mechanical behavior of natural fiber reinforced
bio-based matrix composites subjected to tensile loading was investigated.
Composites with different natural fibers (flax, viscose) and bio-based matrices (PLA,
Lignin) were studied.
Elastic modulus, the nonlinear tensile stress-strain curves and failure were analyzed
showing that all materials are temperature sensitive. The nonlinearity was evaluated
by studying modulus degradation as well as development of viscoelastic and
viscoplastic strains as a function of applied load.
The time-dependent phenomena were investigated in short term creep and strain
recovery tests at several high stress levels. These tests demonstrated significantly
higher viscoplastic strain in lignin than PLA based composites. Both, viscoelastic and
viscoplastic strains are larger at higher relative humidity.
The observed nonlinearity was attributed to microdamage, viscoelastic and
viscoplastic response suggesting Schapery’s type of model for viscoelasticilty and
Zapas’ model for viscoplasticity. PLA and lignin based flax fiber composites have
been analyzed in order to obtain parameters needed for model. It was found that in
PLA based composites after loading at stress levels below the maximum possible the
elastic modulus is not affected and, therefore, damage does not need to be included in
the material model. The modulus reduction in lignin based composites in tension
starts before the maximum in stress-strain curve is reached and it can be as large as
50%. With increasing relative humidity these effects are slightly magnified. It appears
that there is no region of linear viscoelasticity for PLA based composites. Nonlinear
elasticity, viscoelasticity and viscoplasticity are equally responsible for observed
nonlinearity in tensile tests.
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Introduction
In latest years competitive bio-based materials have been developed to reduce the
dependence on non-renewable oil-based plastics and composites. A numerous studies
have been done on short fiber thermoplastic composites (e.g. [1-5]). Development of
thermosetting composites with different types of natural fibres as reinforcement has
also been frequently addressed (for instance [6-9]). In recent years a number of biobased thermosetting resins have become available making the development of entirely
bio-based composites possible [10-12].
It has been shown that natural fibers with high cellulose content (e.g. flax, hemp)
compare well in terms of mechanical performance with glass fibers, especially if
properties are normalized with density [13,14]. However, wide utilization of these
fibers in high performance composites is hindered by a number of shortcomings, such
as poor adhesion between matrix and fibers, limited fiber length and difficulties
associated with control of fiber alignment and orientation. Most probably one of the
major drawbacks of natural fibers is variability of their properties (depending on
location of growth and time of harvest). Therefore, along with naturally occurring
fibers, another type of reinforcement with high cellulose content, continuous
Regenerated Cellulose Fibers (RCF). These fibers has also been investigated [12,15].
However, mechanical behaviour of RCF is highly non-linear and as a result,
performance of the composite with this reinforcement is also non-linear with presence
of very significant visco-elastic component.
In general these materials exhibit non-linear behavior and there is a need to model
such behavior. Papers presented in this licentiate thesis deal with nonlinearity of
natural fiber composites.

1. Constituens
1.1. Fibers

Different type of natural fibers have been used in composite manufacturing – hemp,
kenaf, sisal, coir, jute etc., but one of the most promising natural fibers appears to be
flax. The natural fibers are not continuous fibers and their length is usually limited
(from few millimeters to few centimeters) but aspect ratio is still very high, which
makes these fibers suitable reinforcement in composites. Whereas regenerated
cellulose fibers, which ultimately also have plant origin (cellulose is extracted from
plants), are continuous fibers. Although being with natural origin, these fibers are
manmade but they are made out of the natural polymer directly, contrary to the fibers
made out of materials with fossil origin. Cordenka [16] is the brand name of
commercially available regenerated cellulose fibers.

1.1.1. Classification

Natural fibers can be classified by their origin [17]:
1. Animal (wool, silk);
2. Mineral (asbestos);
3. Plant or vegetable
Mostly plant or vegetable fibers are used in composite industry, therefore animal and
mineral fibers will not be further discussed. Plant or vegetable fibers can be further
classified by their botanic type (table 1).
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Table 1: Classification of natural fibers [12]:
Bast
Hemp
Ramie
Flax
Kenaf
Jute
Mesta
Urena
Roselle

Leaf
Pineapple
Sisal
Agava
Henequen
Curaua
Banana
Abaca
Palm
Cabuja
Raphia

Fibers
Cotton

Seed
Pod
Husk
Kapok Coir
Loofah
Wilk
weed

Core
Fruit
Oil
palm

Hulls
Rice
Oat
Wheat
Rye

Kenaf
Jute
Hemp
Flax

Grass/
reeds
Wheat
Oat
Barley
Rice
Bamboo
Corn
Grass
Canary
Rape
Rye

Other
Wood
Roots
Galmpi


1.1.2. Fiber separation methods

To obtain composites with good mechanical properties, single/elementary filaments
must be used. Therefore it is important to separate fibers from plant. Fibers from
plants can be separated by three general methods: mechanical, biological and
chemical [12].
Mechanical separation method is known for centuries. First plants are left to rot either
on field or in a pond and afterwards plants were beaten on rocks to loosen the fibers.
However in nowadays manually operated machines are more common to be used. In
this process plants are squeezed through slotted rollers that spread the plant apart and
then slotted rollers with cutting edges cut and separate the fibers from other plant
tissue. In order to separate fibers, this process may have to be repeated several times
for one plant [12]. It must be noted that this separation method involves a lot of
mechanical handling and it usually causes fiber damage, therefore other techniques
with minimal mechanical treatment are preferable.
Most often biological separation is done by retting or degumming. This process is
used to separate such natural fibers as flax, hemp, jute, kenaf, etc. In this process
pectin substances are removed, thereby freeing fiber bundles from the woody core.
The process takes 2-3 weeks and requires large quantities of water. Since water
contains different mixture of organisms, biological reactions will take place other than
retting. The organisms in the water will feed on pectic substances, sugar, starch etc.
However in this process control of the PH level is very important. In most cases level
will drop, thus indicating over-retting of the fibers, which also may damage the fibers
[12].
Chemical separation of fibers is done by chemical retting or pulping. In this process
dilute alkali or dilute acids can be used to separate fiber bundles. These chemicals can
be used to separate fiber from plants similary to microorganism retting described
before.
1.1.3. Structure and chemical composition
The natural fiber has a very complex multi-scale internal structure: it consists of
elements with different size scales. The main constituents involved in composition of
plant fibers are polymers themselves: cellulose, hemicellulose, lignin and pectin (see
Table 2, [13]).
Fig. 1 shows a schematic picture of composition and build of a flax stem (see also the
micrograph in Fig. 2). Technical fibers (approximately 1 m long) are isolated from the
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flax plant and consist of elementary fibers with length generally between 2 and 5 cm,
and diameters between 10 and 25 ȝm. The elementary fibers are glued together by a
pectin interface. These fibers have polyhedron shape (see Fig. 3) with 5 to 7 sides to
improve the packing in the technical fiber [17].
Table 2: Chemical composition of different natural fibers [18]
Fiber type
Cellulose, %
Hemicellulose, % Lignin, %
Flax
81
14
3
Hemp
74
18
4
Wood
~46
~27
~27
Sisal
73
13
11

Figure 1: Composition and build of flax stem [19]

Pectin, %
4
1
2



Elementary fiber Ø10-20ȝm

Figure 2: Micrograph showing multi-scale structure of the flax stem (Constructed
from individual images published in [20].
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Figure 3: SEM images of elementary flax fiber [21]



Figure 4: Chemical structure of cellulose monomer

Figure 5: Different layers in cell wall. Middle lamella (ML), Primary wall – (P),
Secondary wall (S), Lumena (L), from.
Elementary fibers is represented by plant cell wall which mostly consists of cellulose
(C6H10O5)n with chemical structure of monomer shown in Fig. 4. The elementary fiber
is built up from oriented fibrils of highly crystalline cellulose glued together by
hemicellulose. The fibrils are oriented with small angle with respect to the axis of the
4

cell wall thus giving elementary fiber high mechanical properties (stiffness and
strength). The complex, composite-like structure of the elementary natural fiber is
presented in Fig. 5.
1.1.4. Properties
Natural fibers have many properties that make them interesting as reinforcement in
composites. These fibers are renewable, recyclable, light (thus they exhibit high
specific properties) and have good isolation properties. However, natural fibers have
several disadvantages compared to synthetic fibers. The main drawback is instability
of quality, properties and variation of price from year to year. All of these parameters
highly depend on growth conditions of plants (location, climate, etc.) and processing
of fibers. Natural fibers are sensitive to moisture and have lower durability. The
maximal processing temperature is lower than for synthetic fibers. Some of the main
properties of natural fibers are presented in Table 3, glass and Cordenka fiber data are
also presented for comparison.
Table 3: Properties of different fibers [16,17,22]
Fibers
E-glass
Wood
Flax
Hemp
Sisal
Cordenka

Density
(g/cm3)
2.54
1.54
1.4-1.5
1.48
1.45
1.5

Modulus
(GPa)
72
30-40
50-70
30-60
9-20
~20

Strength Strain
(MPa)
(%)
3530
1.8-3.2
400-800
500-900 1.5-2.4
300-800 1.1-2
510-700 2.2-2.9
700-800 13-15

Length
(mm)
Cont.
3-5
13-70
5-55
1-8
Cont.

Diameter
(ȝm)
10
20-40
10-30
10-50
10-40
12.5

Specific
modulus
28.2
~ 25
~ 41
~ 30
~ 10
~ 13

Specific
Strength
1390
~ 390
~ 480
~ 370
~ 420
~ 470

The data in Table 3 show that natural fibers have rather high stiffness, which is
comparable with glass fiber and even higher if specific properties are considered.
However, strength of the natural fibers is significantly lower than that of glass fibers.
1.2. Bio-based polymers
The term “bio-based” does not imply that material is 100% from natural source.
These polymers can be either entirely derived from plants (e.g. Furan resin) or it can
be blend which consists of synthetic polymer with some fraction derived from
renewable resources. Bio-based polymer can be a thermoplastic or a thermoset, some
of these materials are biodegradable. Several of most often used bio-based and fossil
based polymers are presented in Table 4. Number of bio-based thermoplastics are
commercialized and have industrial application, for example: polylactic acid (PLA),
polycaprolactone (PCL), poly-3-hydroxybutyrate (PHB), poly(3-hydroxybutyrate co3-hydroxyvalerate) (PHBV) and lignin. Although thermoplastics are currently more
often used in industrial applications, recently a number of bio-based thermosets
became available commercially (e.g. EpoBioX, Tribest). Since thermoplastics,
namely PLA and Lignin, are of major interest in this study, other polymers will not be
discussed in details here.
Both thermoplastics, PLA and Lignin, which are investigated in this study, are fully
bio-based and biodegradable.
PLA is a well known biodegradable, aliphatic polymer, which can be obtained from
renewable resources, such as corn, sugar and cane, by fermentation of sugar (in
5

various forms) and is mainly used in medical applications. Lignin usually is derived
from wood, but it can be found also in other plants and some algae [24].

Non biodegradable

Fully biodegradable

Table 4: Commonly used polymers [23]
Fully fossilPartially bio-based
based
- Starch blends (with biodegradable
- PBS
fossil-based copolymers)
- PBSL
- PLA blends (with biodegradable
- PCL
fossil-based copolymers
- PBST
- PBSAT
- PTMAT
- PCBS

- PE
- PP
- PET
- PBT
- PA6, 66
- PVC
- PUR
- ABS
- Epoxy
resin
- Synthetic
rubber etc.

- starch blends (with polyolefins)
- PA610
- PTT from biobased 1,3-PDO
- PBT from biobased succinic acid
- PET from biobased ethylene
- PEIT from sorbitol and bio ethylene
- PVC from biobased ethylene
- PUR from biobased polyol
- Epoxy resins from biobased glycerol
- ABS from biobased succinic acid
- SBR from biobased succinic acid
-alkyd resin

Fully bio-based
- TPS
- Starch blends (with
biobased and
biodegradable
copolymers)
- starch acetate
- PLA
- PHA
- PLA/PHA blends
- regenerated cellulose
- cellulose acetate
-PO3G
- Biobased PE
- PA 11
- Biobased PB

Lignin is second most abundant material after cellulose in the vegetation. Although
these materials have abovementioned advantages, there are certain problems, for
instance: poor compatibility with fibers (weak adhesion), moisture sensitivity. Both of
these polymers are stiff but brittle, see Table 5 for the summary of most important
properties.
Table 5: Properties of PLA and Lignin [24-27]
Property
PLA
Lignin
Density, kg/m3
1.26
1.40
Melting point, ºC
175-178
150-180
Glass transition temperature, ºC 57-61
80-111
Tensile modulus, GPa
3.5
2-3.5
Tensile strength, MPa
60
37
Elongation, %
8
2.2
1.3. Adhesion
All the plant fibers are hydrophilic in nature, because of their chemical structure e.g.
hemicelluloses and pectin [28,29]. In contrary, many of the common matrix polymers
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in composites are largely hydrophobic in nature. Only thermosets such as
phenolformaldehyde and related polymers are less hydrophobic and are therefore less
problematic [28].
Adhesion between fiber and matrix can be improved by using different fiber
treatments (both chemical and mechanical) or modifying chemical composition of the
polymer. Adhesion also increases after boiling of the flax fibers [30,31]. However,
surface treatments of fibers have a negative impact on economical aspect of natural
fiber composite manufacturing and during this process filaments can be damaged.
Single fiber fragmentation (SFF) test is a common method used to measure adhesion
quantitatively for synthetic fibers, it can be adapted for flax as well [32,33]. Other
methods, such as single fiber pull-out test, bundle pull-out tests, single fiber
microindentation etc. can be used for characterization of adhesion.
1.4. Additives
Various additives are mixed into polymers in order to influence the manufacturing
process and improve characteristics of composite [12].
Below some of the additives and their function are presented.
Coupling agent (CA) improves fiber-matrix interaction, which allows better stress
transfer from polymer to fiber, therefore improving mechanical properties of
composite [34]. Studies [34-36] showed that strength and impact resistance increases
significantly with increasing content of CA, but stiffness increase is very small. CA
are used as an additive to thermoplastics. Very common coupling agents are grafted
polymers, for example maleic anhydride grafted Polypropylene (MAPP) and maleic
anhydride grafted polyethylene MAPE (used in combination with Polypropylene (PP)
and Polyethylene (PE) but also with some other plastics). It should be noted that with
increase of CA, composite’s moisture uptake increases and melt’s viscosity decreases,
which results in easy processing and better impregnation of fiber [12].
Lubricants are additives that influence the processing of polymers (and composites)
[12]. As a result a higher output or better product quality can be achieved. There are
internal lubricants (waxes, stearates) and external (fluoropolymers) [37]. Internal
lubricants act within polymer phase and reduce viscosity (increase melt flow),
dissipate heat (prevent shear burning) and resist to melt fracture (reduce viscosity at
high shear rate) [38]. External lubricants act at the interface between resin and other
materials. It acts as a release agent, reduces friction between resin and processing
equipment and promotes dispersion of fillers [38].
Plasticizers increase the plasticity (fluidity) of material. Plasticizers are added to
improve procesability of composite. It was reported that use of plasticizers can
increase impact strength of natural fiber composites, however large content of
plasticizer can decrease tensile properties [39].
UV light and oxidation strongly affect natural fiber composite optical, mechanical and
physical properties. Different light stabilizers are used to protect plastics from
environmental impact. The stabilizers need to be chosen very specifically for each
polymeric system and in view of end-use application [38]. Colorants (color pigments)
main function is to influence visual perception, but in combination with light
stabilizers they can also avoid effect of UV degradation [12]. To decrease
combustibility of the composite flame retardants are used.
Foaming agent is a material that, in the vapour phase expands a polymer melt upon
reduction of pressure, and as a result cellular structure is developed [40]. Odour
reduction agents not only deal with aroma of the composte, but also can avoid
7

corrosion action with metal parts of the processing. The function of biocide is to
protect natural fiber composite from biological impact such as bacteria and fungi.
Binders act as binders between fibers. It is used in fiber semi-finished product
manufacturing, such as preforms.
1.5. Semi-finished rpoducts
Natural fibers are often formed into some form of fiber mat. There are several
different fleece-making methods [12]:
− Carding method;
− Aerodynamic fleece-making;
− Fibre spreading process;
− Wet fleece production.
This type of mat consists of short fibers, which are randomly oriented. The
composites produced by use of such fabrics are normally used in non-structural
applications. However, the mechanical properties of composite obtained from these
fabrics are higher than those manufactured with injection moulding or extrusion,
because in extruder fibers are damaged and cut into very short fibers (often below the
critical length of reinforcement [41]). In general, it can be stated that in order to fully
utilize the properties of natural fibers, their length and integrity should be preserved
as much as possible and therefore fewer mechanical processing steps are preferable
during composite manufacturing.
As natural fiber composite industry develops, more advanced semi-finished products
are available on the market. There is growing number of manufacturers, which offer
fabrics produced from fiber bundles with low twist and aligned natural fiber prepregs. Short, random natural fiber pre-pregs have been available for a while. Often
natural fiber pre-pregs are produced with thermoplastics, such as PP or PLA, but
thermoset (e.g. epoxy) based materials also start to emerge.

2. Processing methods
In all processing methods pressure and temperature are used to produce composite,
however different methods have different approaches how to apply them. Some of
those methods are listed below.
Many processing methods, which are used for synthetic fibers also are applied for
natural fibers. The compression molding of sheet molding compound (SMC) and bulk
molding compound (BMC) widely used in automotive industry are just some
examples.
Compression molding processes of SMC, BMC or pre-pregs is very typical for
thermosets [42], however pre-pregs can also be produced with thermoplastics. Resin
transfer molding (RTM) [43,44] and resin infusion are also used for thermoset
plastics. Tubes with natural fiber composites have been manufactured using filament
winding technique [45]. It is very important that in manufacturing of natural fiber
composite elementary fibers are used as reinforcement, not technical fibers [46].
Thermoplastic natural fiber composites are manufactured mainly by different
extrusion methods (preparations of granules) followed by injection [47] or
compression molding [48,13].
Film stacking methods can be used to manufacture natural fiber mat thermoplastic
composite plates with different fiber contents [49,50]. Thermoplastic pultrusion can
also be applied for continuous process [51].
8

3. Modeling
The most important parameters, which are considered for modeling, are stiffness and
strength. However, if long lasting product should be created, then time dependent
properties should be in focus as well. Moreover, dependence of composite properties
on temperature and moisture has to be addressed also.
3.1. Stiffness
Most of the theoretical models available in literature for stiffness of short fiber
composites are based on assumptions:
•
the fibers and the matrix are linearly elastic;
•
the matrix is isotropic, and the fibers are either isotropic or transversely
isotropic;
•
the fibers are axi-symmetric and identical in shape;
•
the fibers and matrix are well bonded at their interface, and remain that way
during deformation.
It has been seen that none of these assumptions agree perfectly with the behavior of
natural fibers.
One of the simplest and most often suggested micromechanical models is rule-ofmixture type of equation. It combines the average stress in the fiber with average
matrix stress.
For the Young’s modulus of short fiber composite we obtain:

E = η lEη 0 E E f V f + Em (1 − V f )

(1)

where ȘlE is fiber length efficiency factor, and ȘoE – orientation efficiency factor for
Young’s modulus calculation (for continuous fibers both of these parameters are
equal to 1). Both efficiency factors can be calculated using fiber length and
orientation distributions. Ef and Em are modulus of fibers and modulus of matrix
respectively, Vf stands for fiber volume content.
Another frequently used model is Halpin -Tsai relations [52]:
P 1 + ς .ηV f
=
Pm
1 − ηV f

where η =

(P
(P

f

f

/ Pm ) − 1

/ Pm ) + 1

(2)

P is a material property of interest. Initially these formulas were developed for
transverse stiffness of continuous fiber composites. However they can also be used for
short fiber composites. According to Halpin-Tsai parameter Ȣ is related to geometry
of reinforcement. For example, for longitudinal modulus it can be expressed through
aspect ratio of fibers Ȣ=2(l/d).
However, both fiber length and orientation distributions need to be taken into account.
It can be done using laminate analogy approach [53].
Stiffness of the composite can also be found using finite element method. Using this
method unit cells (matrix bricks with one fiber inside) are modelled [54]. However,
these models require Poisson´s ratio and fiber shear modulus, but for natural fibers
these values have not been found. Also it must be mentioned that these models are
time consuming and rather complicated. This is common problem also for other
models discussed in [55], therefore they are not applicable in this study.

9

3.2. Strength
Most of the strength models are also based on the rule-of-mixture [56-58] or
equivalent laminate [59,60] approach. Rule-of-mixture for calculation of strength of
misaligned short fiber composite are presented below:

σ uc = ηlsη0 sσ uf V f + (1 − V f )σ m

(3)

Where ıuf is fiber strength, but ım – stress in the matrix at the fiber failure strain. Șls is
fiber length efficiency factor; Șos is fiber orientation efficiency factor. For all the
models, length efficiency factor Șls is related to critical (or ineffective) fiber length.
More complicated models that employ numerical modeling of deformation and failure
processes have been developed [54,61,62].
3.3. Time dependent behavior
The theory of nonlinear viscoelastic and nonlinear viscoplastic materials used in this
study was developed by Schapery [63,64]. The constitutive equations in this theory
are obtained using expansion of the Gibb’s free energy in viscoelasticity related
internal state variables and using for them linear evolution laws with respect to
thermodynamic forces. For anisotropic materials subjected to general loading case the
resulting constitutive equations include many stress invariant dependent material
parameters/functions to be experimentally identified. All these stress dependent
functions are also affected by temperature and humidity, but in fixed environmental
conditions they can be considered as stress dependent only.
In uniaxial tensile loading case, model for one-dimensional case must be used, when
it contains only three stress invariant dependent functions, which characterize the
nonlinearity. Model has been modified to account for microdamage [65]. The final
form of the material model for one-dimensional case is presented below:
ª

t

¬

0

ε = d (σ max ) «ε 0 + g1 ³ ΔS (ψ − ψ ' )

º
d ( g 2σ )
+ ε pl (t , σ )»
dτ
¼

(4)

The integration is over “reduced time” represented by:
t

ψ =³
0

t

dt '
dt '
andψ ' = ³
aσ
a
0 σ

(5)

In (4) ε 0 represents elastic strain in undamaged composite which, generally speaking,
may be nonlinear function of stress. The time dependent part of the Visco-elastic
response (integral in (4)) is characterized by ΔS (ψ ) , which is the transient component
of the linear viscoelastic creep compliance and according to the theory does not
depend on stress level. The parameters g1 and g 2 are stress dependent material
properties and aσ is the shift factor. These three functions in fixed conditions depend
on stress only.
It was shown by Schapery, 1997, that the linear viscoelastic creep compliance has the
form of Prony series,

§
§ ψ ··
ΔS (ψ ) = ¦ Ci ¨¨1 − exp¨¨ − ¸¸ ¸¸
i
© τi ¹¹
©

(6)
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In (6) Ci are constants and τ i are called retardation times.
For sufficiently small stresses linear viscoelastic region, where the VE-strains are
proportional to the stress level, may exist. In this region (if it can be found)
g1 = g 2 = aσ = 1 , and thus (4) turns into the strain-stress relationship for linear
viscoelastic, nonlinear viscoplastic materials. The physical meaning of the damage
related function d (σ max ) in (4) was revealed in [66] analyzing the elastic strain term.

4. Performance and application of natural fiber composites
Most often randomly oriented short natural fiber composites are used. Some
mechanical properties of short fiber composites can be found in [13,14]. It must be
noted that when talking about natural fiber composites, density must be taken into
account. Natural fibers are much lighter than synthethic ones and if specific properties
of both composites are compared, obtained values are similar. The specific strength
and stiffness of natural fiber composites can be found in [13,14].
One of natural fiber composite major problems is their sensitivity to moisture and
temperature. With increase of temperature or/and relative humidity (and resulting
moisture content) the elastic modulus and strength of natural fiber composites
decreases. Increase of moisture leads to swelling of fibers within composite, which
can lead to microdamage of material. Moisture can also act as plasticizer.
Another weakness of natural fiber composites is low impact strength [13,49,67].
Impact strength can be increased, if adhesion between fiber and matrix is increased
[68]. However, if the interface is too strong, the energy dissipation mechanisms of
fiber pull-out will not take place, thus lowering the impact strength of composite.
Flax fiber composite have showed the best mechanical properties of natural fiber
composites. Composites with jute or hemp fibers have also showed good mechanical
properties [12].
Natural fiber composites have been used in several car interior parts (car roof, door,
panels and other), furniture and other non-structural application. However, due to
recent development in natural fiber manufacturing methods (fiber separation, low
twist bundle, semi-finished products) and thermosetting bio-based resins, advanced
natural fiber composites can be manufactured, which hopefully will lead to use in
structural applications.

5. Current and future work
This study is dedicated to short randomly oriented fiber composites. Flax and viscose
fibers are used as a reinforcement of PLA and Lignin matrixes. In Paper I mechanical
performance of these composites has been studied. The influence of temperature and
humidity has been investigated. Elastic modulus, the nonlinear tensile stress-strain
curves and failure were analyzed showing that all materials are temperature sensitive.
The nonlinearity was analyzed studying the modulus degradation as well as
development of viscoelastic and viscoplastic strains. The time-dependent phenomena
were analyzed in short term creep and strain recovery tests demonstrating
significantly higher viscoplastic strain in lignin composites.
Paper II deals with nonlinearity of PLA/flax fiber composite, but in Paper III Lignin
based flax composites at two different relative humidity levels have been studied. The
observed nonlinearity was attributed to microdamage, viscoelastic and viscoplastic
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response suggesting Schapery’s type of model for viscoelasticilty and Zapas’ model
for viscoplasticity. Both papers present simulation curves for different loading cases.
As mentioned before, most recently several thermosetting bio-based resins have been
developed, allowing to manufacture whole bio-based composites with high fiber
volume fraction. Several semi-finished natural fiber products with aligned fibers are
available in market, promoting advanced natural fiber composite manufacturing.
However, poor adhesion, sensitivity to moisture and temperature has to be overcome
to increase the interest in natural fibers.
In order to overcome other issues, such as limited fiber length and variability of
properties another reinforcement with natural origin has been investigated –
regenerated cellulose fibers. These fibers are continuous, with stable cross-section,
therefore it is easy to arrange them into fabrics with stable orientation and geometry.
However, mechanical behaviour of regenerated cellulose fibers is highly non-linear
and therefore performance of the composite is also non-linear with presence of very
significant vicsco-elastic strain component.
In future composites with aligned natural fibers and bio-based thermosetting resin
must be studied. The effect of temperature and humidity on these composites must be
investigated. The non-linearity of regenerated cellulose fibers must be studied. Now,
when modeling for non-linear composites is developed, we will try to apply it for
advanced composites by developing models which can predict properties of
composites based on performance of constituents. This will reduce number of tests
required for the input parameters of models and allow prediction of performance of
much larger group of composites with various fiber/matrix compositions.
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Abstract

The effect of temperature (T = 22°C, 30°C and 35°C) and relative humidity (RH =
34% and 66%) on mechanical behavior of natural fiber reinforced bio-based matrix
composites subjected to tensile loading was investigated. Three composites were
studied: a) PLA composite with 10% weight fraction of flax fibers; b) PLA
composite containing 5% viscose fibers (filaments of regenerated cellulose); c) lignin
based composite with 30% of flax fibers.
Elastic modulus, the nonlinear tensile stress-strain curves and failure were analyzed
showing that all materials are temperature sensitive. The nonlinearity was analyzed
studying modulus degradation as well as development of viscoelastic and viscoplastic
strains. The modulus reduction in PLA based composites starts after reaching the
stress maximum and is not significant, whereas the modulus reduction in lignin based
composites starts before the maximum and it can reach 50%. With increasing relative
humidity these effects are slightly larger.
The time-dependent phenomena were analyzed in short term creep and strain recovery
tests demonstrating significantly higher viscoplastic strain in lignin composites. Both,
viscoelastic and viscoplastic strains are larger at higher relative humidity.

1. Introduction
In last years competitive bio-based materials have been developed to reduce the
dependence on non-renewable oil-based plastics and composites. The data of market
analysis [1, 2] show that 50% of the total world-wide capacity of bio-based
thermoplastics is for unmodified starch whereas the rest of the market is split between
polylactic acid (PLA), polycaprolactone (PCL), poly-3-hydroxybutyrate (PHB), and
poly(3-hydroxybutyrate co-3-hydroxyvalerate) (PHBV). PLA is a well known
biodegradable, aliphatic polymer, which can be obtained from renewable resources,
such as corn, sugar, cane, by fermentation of sugar (in various forms) and is mainly
used in medical applications. Nowadays PLA is entering also the packaging market
due to its good barrier properties.
A relatively new actor in the composites world is lignin, which is one of the most
common organic molecules on Earth covering 25-30% of the non-fossil organic
carbon in various biomasses. Worldwide, chemical pulp mills generate approximately
50 million tons of lignin every year as a bi-product of the pulp and paper industrial
processes.
Bio-based polymers usually have inferior properties in comparison with the synthetic
competitors and are sensitive to moisture and temperature changes. Reinforcement of
these polymers with natural fibers (NF) such as wood or agrofibers is a convenient
choice for reaching acceptable performance in terms of mechanical properties. The
commonly used NF are flax, hemp, kenaf, jute, sisal, ramie and coir. The stiffness of
e.g. bast fibers in longitudinal direction is comparable to that of glass fibers (for
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example flax fibers have stiffness 50-100 GPa vs 72 GPa for E-glass fibers [3-6]).
The direct benefits of use of NF in composites are light weight, reduced wear on the
processing equipment and lower impact on the environment. However, these
materials are inherently hydrophilic, and as they are of natural origin, their
mechanical properties are subjected to large variation.
Generally speaking, composites based on thermoplastic biopolymers (lignin, starch,
PLA) reinforced with NF are today established as engineering materials used in
various industrial branches [7,8]. Natural additives are used to improve properties of
bio-based composites with regard to processing and performance. For example,
cellulose regenerated fibers increase impact strength without noticeable reduction of
tensile properties of PLA composites [9].
Common processing methods and products of NF composites include injection
molding of packaging material, extrusion of beams for decking, and compression
molding of panels for automotive use. Other methods, such as rotational molding,
have also been considered, but so far not widely exploited. The advantage of the good
mechanical properties of the NF is perhaps best taken of in compression-molded
products. However, this requires additional fiber processing to produce high quality
yarns.
Basic mechanical behavior of NF composites (elastic modulus, strength, strain to
failure, impact resistance etc.) has been studied by numerous researchers, an overview
of some results can be found in [10-14]. However, rather limited number of papers
deals with inelastic and time-dependent properties, for example, study on Flax/PP and
Flax/starch composites [15-17], and work on pulp fiber/formaldehyde [18].
The above referred sources show that in NF composites the mechanical properties of
fibers and the matrix are inherently nonlinear and the composite exhibits complex
time dependent stress-strain behavior with loading rate effects and hysteresis loops.
The phenomena dominating mechanical behavior include evolving microdamage
(cracks, debonds etc) resulting in degradation of elastic properties and development of
irreversible strains. Therefore, material models for these materials should account for
viscoelasticy and viscoplasticity as well as microdamage. Although this study does
not deal with modeling, it is aimed at identification of mechanisms that later on
should be accounted for in model.
In this paper a systematic investigation and comparison of mechanical behavior of
three flax fiber reinforced composites is presented. The matrix for two of these
composites is PLA. One composite is with flax fibers and one with viscose fibers
aimed to improve the impact strength. The third composite has lignin matrix.
Detailed analysis of the above phenomena and explanation of the similarities and
differences in the general tensile behaviour presented here will be published
separately, see for example [19] for material model development for Flax /PLA
composite.

2. Materials and Experiments
2.1 Materials
Thermoplastic Lignin and PLA (Hycail HM 1011) were used in this study as
matrices. The PLA has a glass transition temperature of 62°C, a melt temperature of
148°C, a melt flow index of 8,94g/10 min. Loose untreated 1mm long flax fibers
supplied by Ekotex Kotonia and 2mm long viscose fibers (VF) Cordenka 700 Super 3
(manmade fiber, made of regenerated cellulose extruded from a solution of viscose)
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were used to reinforce the matrix. List of studied composites with specific details
regarding their main constituents is given in Table 1
In Table 1 fiber weight fractions are given. To determine fiber volume fraction, which
is the most important parameter in micromechanical theoretical analysis, the densities
of constituents have to be used and composite density has to be calculated using
standard micromechanics expressions. For example, PLA density is
ρ PLA = 1.25 g / cm 3 [20], Lignin density ρ Lig = 1.4 g / cm 3 [21], flax fiber density is

ρ f = 1.55 g / cm 3 [3], VF density is ρVF = 1.55 g / cm 3 [21].
Table 1: Composites used in experiments
Notation
Matrix
Fibers/length/ weight fraction
PLA-NF10
PLA
Flax/1 mm/10%
PLA-VF5
PLA
Viscose/2 mm/5%
Lignin/FL30 Lignin
Flax/1mm/30%

2.2 Pelletizing, Compounding and Injection Molding
Samples were received from Tecnaro GmbH (company situated in Germany).
According to supplier the main processing steps are as described below.
After mixing the raw materials: matrix (lignin, PLA), fibers, processing aids, flame
retardants and VF; the next step for lignin composites was direct pelletizing without
heating to produce granules. For PLA composites compounding of PLA with flax
fibers was done in an extruder where the components were introduced via feeder.
Constituents are heated up above the melting point of PLA in extruder and
homogenized by screws. The extruder had a diameter of 24mm and eight controlled
temperature zones which ranged from 150°C (next to the feeding segment) to 190°C
(die adaptor). The flow rate for the compounding step was 5kg/h with a screw speed
maintained at 500 rpm. The output is continuous strand which is cooled in a water
bath and cut in a granulator.
Granules were processed in an injection molding machine in order to produce dogbone specimens. The specimen thickness was about 3.8-3.9 mm, and width in
working zone 10.0-10.1 mm (length of working zone §70 mm). Total length (together
with clamping part) of specimen was 150 mm and grip separation distance 100 mm.
2.3 Experiments
2.3.1 Specimen conditioning
Specimens were kept in desiccators at fixed relative humidity (RH) for 2-3 weeks
before testing and their weight was regularly measured in order to ensure saturation of
moisture uptake. Two RH values were used, 34% and 66%. Since during the testing
the relative humidity was different than during conditioning, special care was taken to
stabilize the moisture content in specimens during the test. Specimens were covered
(wrapped in plastic) when necessary to prevent diffusion. In some cases humidifier
was used to have the testing conditions similar as during conditioning.
2.3.2 Tensile tests
Tensile tests were performed on Instron 3366 machine equipped with 10 kN load cell,
pneumatic grips and extensometer with gauge length 50mm (Instron 2630-111). In all
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quasi-static tensile tests the speed of tensile machine’s cross-head was 5mm/min
which roughly corresponds to strain rate of 5%/min. Tensile tests were performed at
three different temperatures (T = 22°C, 30°C and 35°C).
Stress-strain curves were obtained in monotonic tensile loading until failure. In many
cases the stress first reached maximum whereas the failure occurred at higher strain
but lower stress. Therefore the presented data include: a) loading curves; b) maximum
stress σ m and corresponding strain ε m (called “strain at maximum stress “); c) strain
and stress at failure, σ fail and ε fail . In some cases when the applied strain exceeded
10%, the test was stopped before the sample failure.
The elastic modulus was determined in a loading-unloading cycle with the maximum
strain value slightly above 0.2%, expecting that no damage and other irreversible
phenomena will develop at these strains. The elastic modulus was defined by the
slope of the stress-strain curve in the strain region 0.05% to 0.2%. The loading and
unloading curves both being rather linear have slightly different slopes and, hence,
two different values of the modulus may be determined. In the presented data the
difference is small and the value obtained from loading curve is used to represent the
elastic modulus.
Usually the slope of the unloading curve is preferred using an argument that during
unloading irreversible phenomena (damage) would not develop and thus the
unloading is “more elastic” than the loading. However, for time dependent materials
this reasoning does not hold: often the slope of unloading curve is even higher than
for loading which definitely can’t be a result of increased elastic modulus. The change
in slopes due to viscoelasticity can be as big (or even more significant) as due to
damage and is not easy to account for. For example, if the specimen would be loaded
to slightly higher strain which is still below the damage initiation threshold (0.25%
instead of 0.2%), the unloading modulus determined in the same region as before,
would be lower.


Figure 1: Schematic showing of strain development during creep test and after load
¦k
is the VP-strain developed during the first k loading steps and
removal where ε VP
c
ε VP
is the VP-strain accumulated in the current k+1 step.
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Tensile creep tests were performed using a creep rig with dead weights. In Fig. 1 the
picture on the top represents the load application sequence: creep load is applied in
steps and in step k + 1 stress is applied instantly at t k and kept constant for time
interval t k +1 − t k . The bottom part of picture (Fig. 1) shows creep strain during
loading interval and also strain recovery after load removal. The duration of strain
recovery interval was at least 5 times longer than the loading interval. Creep strains
(measured using extensometer) were recorded during the loading and also during the
following interval of strain recovery after load removal.
The irreversible strains at the end of the recovery period (if present) were analyzed as
viscoplastic (VP). Creep tests used for determination of time and load dependence of
VP-strains were in multiple steps over time intervals of 10, 20 and 30 min.
2.3.3 Microdamage caused stiffness reduction
After specimen has been subjected to high stress levels the elastic properties of
composite may be degraded. The elastic modulus dependence on the applied
maximum stress was measured to evaluate the significance of microdamage
developing at high stresses. The loading ramp is shown in Fig. 2. It consists of a
sequence of steps each containing: a) loading/unloading in low stress region for
elastic modulus determination, duration of this step is t1; b) recovery for a time 5t1; c)
loading up to certain high strain level with following unloading to almost zero stress,
the duration of this step is t2; d) recovery at almost zero stress level for decay of all
viscoelastic effects during time 5t2. Then the same sequence a)-d) was repeated for a
higher level of applied maximum strain in step c).

Figure 2: Schematic drawing of stress and strain dependence on time during
displacement controlled elastic modulus reduction test.

In some cases large irreversible strains developed after application of high stress: after
unloading to zero stress and relatively large recovery period, considerable residual
strains still were present. Therefore, in the modulus determination step (following
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unloading and recovery) it was not possible to use the strain region between 0.05 and
0.2%. Instead a corresponding stress region was used, which for each particular
specimen was defined in the first step of modulus measurement where irreversible
strains and damage were not present.

3. Stress-strain behavior in tensile tests with constant displacement rate
until failure
3.1 Tests at room temperature (RT=22C)
The stress-strain curves until failure at RH=34% are shown for all composites in Fig.
3a). The comparison between two RH values for PLA-NF10 can be seen in Fig. 3b).
All composites showed the same trend in tensile tests at different RH values as
presented in Fig. 3b). The results are stable and have high repeatability. The most
important characteristics: elastic modulus, maximum stress and corresponding strain,
stress and strain at failure are given in Table 2.

a)

b)

Stress-strain curves
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Figure 3: Stress-strain curves for a) all composites at RH= 34%, b) PLA-NF10 for
two values of RH 34% and 66%. Dashed lines represent linear elastic behavior of
material.
Table 2 : Mechanical properties of composites for two values of relative humidity,
34% and 66%.
RH Material
E
ε max
σ max
ε fail
σ fail
(%)
(GPa)
(%)
(MPa)
(%)
(MPa)
PLA-NF10
3.05 (0.11) 1.50 (0.05) 29.5 (1.0)
4.1 (0.6)
25.4 (1.5)
34 PLA-VF5
2.35 (0.06) 1.40 (0.05) 26.8 (0.4)
2.8 (0.6)
21.4 (1.2)
LIGNIN/FL30 6.54 (0.41) 0.40 (0.01) 22.1 (1.2)
0.8 (0.3)
21.1 (1.5)
PLA-NF10
2.60 (0.24) 1.41 (0.03) 26.1 (0.2)
2.6 (0.7)
21.8 (1.0)
66
PLA-VF5
2.30 (0.08) 1.37 (0.03) 25.0 (0.1)
2.9 (0.9)
17.3 (0.8)
LIGNIN/FL30 5.99 (0.16) 0.41 (0.01) 20.3 (0.1)
1.3 (0.4)
18.8 (0.3)
( ) Standard deviations

3.1.1

Experimental results

In spite of having 10 wt% of fibers with 1 mm average length before processing, the
modulus of Flax fiber/PLA “PLA-NF10” composite given in Table 2 is not noticably
higher than the typical value of modulus of PLA [20] (not measured in this study).
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The assumed linear elastic stress strain curve is calculated using initial modulus and
shown in Fig. 3b). Comparing with the experimental nonlinear tensile stress-strain
curve one can see that the stress at maximum would be overestimated by 40-50% if
the behavior is considered as linear elastic.
As shown in Table 2 relative humidity (moisture) reduces σ max by 10-15% and only
slightly affects ε max . The stress to failure has decreased by about 20% whereas ε fail is
more than 30% lower. The lower modulus at high relative humidity may have the
origin in the fiber as well as resin dependence on moisture.
Before processing VF fibers in the“PLA-VF5”composite are longer (2mm). But with
lower weight fraction (only 5%) than in the PLA-NF10 composite analyzed above.
The stress-strain curves in Figure 3a) exhibit the same features as the composite
without VF. However, the stress-strain curves are systematically lower than for PLANF10 which is confirmed also by data in Table 2. The main qualitative difference is
that stress-strain curve maximum is more distinct and the strain to failure at RH=66%
is larger than that at RH=34%.
The slopes in Fig. 3a) appear rather constant almost until σ max is reached. However,
similarly as it was for the PLA-NF10 composite, the σ max is significantly
overestimated if the initial modulus is used to estimate stress at ε max .The elastic
modulus is slightly lower than for PLA-VF5 composite because of lower weight
fraction and VF who has also lower modulus (12-16 GPa) than flax fibers. Moisture
has similar effect on this composite as for PLA-NF10. However, for PLA-VF5 the
elastic modulus is reduced due to moisture only marginally, and also maximum stress
is lower by 5-6% only.
In the “Lignin/FL30” composite with 30% weigh fraction of 1mm long flax fibers in
the lignin matrix the elastic modulus of is two times higher than for the two PLA
matrix composites analyzed above, where the weight fractions were 10% of flax
fibers and 5% of viscouse fibers respectivelly. However, the maximum stress and
stress at failure as well as corresponding strains are significantly lower. In addition,
see Fig. 3a), there is no clear maximum in stress-strain curves for the lignin
composite.
Specimens with RH=66% have 10% lower modulus than for the RH = 34%. The
maximum stress is also reduced by 10% whereas the corresponding strain is not
changed and the strain to failure has significantly increased, most probably because
moisture acts as a plasticizer.
It is noticeable that the scatter in data is lower for specimens conditioned at RH =
66%.

3.1.2 Analysis of the elastic modulus
Elastic modulus data can be compared with expectations following from simple
micromechanics expression for in-plane elastic modulus of short fiber composites
with certain orientation distribution
E = η lηθ E f V f + E m (1 − V f ) 

(1)

In (1) E f is the fiber modulus, E m - the matrix modulus, η l is the length efficiency
factor which is equal to one for long fibers and ηθ the orientation efficiency factor
with value 3/8 for random in-plane orientation of fibers and 1/5 for random 3-D
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distribution. If the orientations are preferably in-plane random the value of ηθ would
be between the two given above.
The fiber length possibly is reduced and fibers are partially damaged during
manufacturing [22]. Since the fiber dispersion was good (no large fiber clusters
observed during optical microscopy), the individual fiber aspect ratio (length versus
diameter) is still rather large (flax fiber diameter is in the range of 10-30ȝm) and the
value of the length efficiency factor should be only slightly lower than 1. The value of
η l  depends also on the stress transfer mechanism which is greatly dependent on
interface quality.
Because the fiber length was less than 1 mm whereas the specimen thickness was 3.83.9 mm, the 3-D random distribution is possible but not really likely due to the used
processing method (injection molding) which usually leads to some preferred
orientation. Although fiber orientation distribution is not available, we can speculate
that some of the fibers having out-of-plane orientation component should lower the
ηθ as compared with in-plane random case. On the other hand flow is orienting fibers
and the in-plane orientation distribution should be non-random with preference in the
flow direction which would increase the value of ηθ for this direction. The two
described effects partially compensate each other and the effect of the orientation on
modulus in the flow direction could be similar as in the in-plane random case.
In this section estimates of elastic constants are made using (1) and the following
rough assumptions:
a) in all composites the length efficiency factor is the same, η l = 0.8 ;
b) the orientation efficiency factor, ηθ does not depend on fiber content. and we use
ηθ = 0.37 which is very close to the value for in-plane random case
c) axial modulus of flax fibers in all composites is the same, E f = 50GPa . The
viscous fiber modulus is 14 GPa
d) the PLA modulus is 2 GPa, whereas for the Lignin modulus two values (2 GPa
and 3GPa) are used
Calculation results under these assumptions are given in Table 3. They show that the
assumed values lead to composite elastic modulus which is in a reasonable agreement
with experimental data in Table 2. The significantly higher modulus for lignin
composite is mostly due to higher fiber content. Also, in order to come closer to
experimental value we had to assume that lignin modulus is not 2 GPa but rather 3
GPa. This value is similar to values used in micromechanics of wood. In [23] the
lignin modulus reduces from 4.7 to 3 GPa with the RH change from 34 to 66%. In
[24] values 2-3.5 GPa where used.
Table 3 : Elastic modulus of composite according to Rule of mixture (1)
Ef (GPa) Em (GPa) Ec (GPa)
Material
Fibers
Vf
ηl
ηθ

PLA-NF10
PLA-VF5
LIGNIN/FL30
LIGNIN/FL30

Flax
Viscose
Flax
Flax

0.082
0.041
0.279
0.279

0.8
0.8
0.8
0.8

0.37
0.37
0.37
0.37

50
16
50
50

2
2
3
2

3.05
2.11
6.29
5.57

Certainly apart from higher lignin modulus there could be other factors responsible
for the change
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a) differences in degradation of fiber (pelletizing instead of compounding, high
volume fraction) or different fiber length after processing
b) different interface strength leading to improved stress transfer (for example
ηl ≈ 1 )
c) different fiber orientation distribution in high fiber content composite
3.2 Tensile tests at elevated temperature (T = 30ºC and T = 35ºC)
The results shown in Fig. 4 illustrate the dependence of mechanical performance of
PLA-NF10 composite on temperature. All composites at both RH exhibit the same
features with increase of temperature as PLA-NF10 at RH=34%. Tables 4-6 show the
elastic modulus and the maximum stress value in the loading curve. Fig. 5-7 show
normalized values of elastic modulus and σ max . Normalization is done with respect to
composite properties at RH = 34% and RT.
PLA-NF10 RH=34%
35
RT

Stress (MPa)

30
25

30C

20

35C

15
10
5
0
0.00

0.01

0.02 0.03 0.04 0.05
Strain (mm/mm)

0.06

0.07

Figure 4: The effect of temperature on stress-strain curves for PLA-NF10 at RH =
34%.

3.2.1 PLA-NF10 composite
The elastic modulus at RH=34% is decreasing with temperature by 6-8% when the
temperature is changed from RT to T=35C. At RH=66% the modulus change is not
statistically confirmed. In the same temperature interval the maximum stress σ max 
decreases by 13% at RH=34% and by about 15% at RH=66%.
Table 4 : Temperature dependence of mechanical parameters for PLA-NF10
RH (%)
Temperature ºC E (GPa)
ε max (%)
σ max (MPa)

34

22
30
35
66
22
30
35
( ) Standard deviation

3.05
2.89
2.84
2.60
2.56
2.59

(0.11)
(0.20)
(0.14)
(0.24)
(0.10)
(0.19)
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1.50
1.48
1.30
1.40
1.34
1.29

(0.05)
(0.02)
(0.05)
(0.03)
(0.03)
(0.03)

29.5
28.1
25.3
26.1
23.8
22.2

(1.0)
(0.2)
(0.4)
(0.2)
(0.3)
(0.3)

a)

b)
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Figure 5: Normalized properties of PLA-NF10 composite a) elastic modulus and b)
maximum stress (normalization is done with respect to properties at RT and
RH=34%).

3.2.2. PLA-VF5 composite
At RH=34% the elastic modulus of this composite is less sensitive to temperature
variations in the range from RT to 35°C, see Fig. 6a), than the PLA-NF10 composite.
The maximum stress, σ max , in the range from RT to 30°C is almost not affected.
However when the temperature rise to 35°C the difference is large with the σ max
reduced by 17-19%, which is more than the reduction in the PLA-NF10 composite,
see section 3.2.1.
At RH=66% the PLA-VF5 composite is sensitive even to modest temperature
changes, see Fig. 6 at 30°C. There is 10% modulus reduction at 35°C. The σ max 
reduction at 35°C is almost the same as at RH=34%.
All modulus and maximum stress values for PLA-VF5 in Table 5 are lower than for
PLA-NF10.

b)

PLA-VF5

PLA-VF5

1.2

1.2

1

1

0.8
0.6
0.4

RH=34%

0.2

Normalized Max. stress

Normalized modulus

a)

0.8
0.6
0.4

RH=34%

0.2

RH=66%

RH=66%

0

0
22

30

35

22

Tem perature (ºC)

30
Tem perature (ºC)

35


Figure 6: Normalized properties of PLA-VF5 composite a) elastic modulus and b)
maximum stress (normalization is done with respect to properties at RT and
RH=34%).
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Table 5 : Temperature dependence of mechanical parameters for PLA-VF5
RH (%) Temperature ºC
E (GPa)
ε max (%)
σ max (MPa)

34

22
30
35
66
22
30
35
( ) Standard deviation

2.35
2.31
2.27
2.30
2.21
2.13

(0.06)
(0.31)
(0.16)
(0.08)
(0.11)
(0.10)

1.40
1.52
1.17
1.37
1.30
1.19

(0.05)
(0.05)
(0.04)
(0.03)
(0.02)
(0.02)

26.8
26.4
22.2
25.0
23.1
21.0

(0.4)
(0.1)
(0.3)
(0.1)
(0.2)
(0.7)

3.2.3 Lignin / FL30 composite
For Lignin/FL30 composite the data scatter is larger and the trends are not so obvious.
The elastic modulus at RH=34% is not decreasing with temperature (see Fig. 7, Table
6). The decrease of the maximum stress σ max with temperature at RH=34% is also
within the experimental scatter. The σ max values at different temperatures for
individual specimens are overlapping.

a)

b)
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1.2

1.2

1

1

0.8
0.6
0.4

RH=34%

0.2

Normalized Max. stress

Normalized modulus

LIGNIN/FL30

0.8
0.6
0.4
0.2

RH=34%

RH=66%

RH=66%

0

0

22

30

35

22

Tem perature (ºC)

30

35

Tem perature (ºC)


Figure 7: Normalized properties of Lignin/FL30 composite a) elastic modulus and b)
maximum stress (normalization is done with respect to properties at RT and
RH=34%).
Table 6 : Temperature dependence of mechanical parameters for Lignin/FL30
E (GPa)
RH (%)
Temperature ºC
ε max (%)
σ max (MPa)
34
22
6.54 (0.41)
0.40 (0.01)
22.1 (1.2)
30
6.88 (0.14)
0.40 (0.02)
21.5 (1.9)
35
6.56 (0.28)
0.39 (0.02)
21.8 (0.7)
66
22
5.99 (0.16)
0.41 (0.01)
20.3 (0.1)
30
5.69 (0.13)
0.44 (0.03)
18.7 (1.1)
35
4.86 (0.48)
0.43 (0.02)
16.2 (3.0)
( ) Standard deviation
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At RH=66% the differences are more distinct and the changes are statistically
significant. The elastic modulus at 35°C is almost by 20% lower than at RT. The
decrease at 35°C is almost 20%.
Summarizing the presented results the following statements are made:
a) The elastic modulus at RH=34% of PLA matrix composites is slightly decreasing
with temperature increase. The lignin based composite modulus does not
decrease but actually slightly increases at moderate temperature change
b) At RH=66% the PLA-NF10 composite elastic modulus does not change with
increasing temperature, the modulus of the PLA-VF5 change by 10% and the
modulus of the Lignin/NF30 composite is reduced by 20%.
c) At RH=34% the maximum stress in the loading curve is affected by temperature
change between RT and 35°C as follows: 13% reduction for PLA-NF10; 17-19%
reduction by PLA-VF5; no change for Lignin/NF30 composite
d) At RH=66% the change in with temperature is as follows: 15% reduction for
PLA-NF10; 17-19% for PLA-VF5 and 20% reduction for Lignin/NF30.
It seems that the combination “moisture + temperature” is affecting Lignin/NF30
composite at RH=66% more than both PLA based composites.

a)

b)

c)

Figure 8: SEM micrographs images of fracture surfaces of composite a) PLA-NF10;
b) PLA-VF5; c) Lignin FL30.

4. Elastic modulus degradation at high loads
Several microdamage events may take place when fiber reinforced composites are
subjected to high loads/strains, reducing elastic modulus in the loading direction and
also affecting other thermo-elastic constants. The most typical microdamage
phenomena are fiber/matrix debonds,
fiber bundle debonding from matrix,
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intrabundle cracks (cracks crossing bundles with the crack plane parallel to fibers and
normal to the loading direction), matrix cracks bridged by several bundles and finally
fiber and/or bundle pull-outs and/or fiber breaks. SEM micrographs of fracture
surfaces of the three composites are shown in Fig. 8. In the PLA matrix one can see
also small particles- fire retardants. Fracture surfaces of PLA composites are
relatively smooth as compared with lignin matrix composite. In contrast to PLA
composites flax fibers in lignin composites after pull-out have a large amount of
residues on their surface. This is an indication that the fiber/matrix interface in PLA
composites is relatively weaker. In all cases the pull-out length is rather large. The
particular sequence of mechanisms depends on fiber dispersion and elastic properties
reduction is more dramatic in case of clustered microstructures. For better dispersed
reinforcement the initial damage entities are small (comparable with fiber diameter)
and difficult to observe using microscopy. On specimen edge one can see many tiny
cracks but it is difficult to determine if they are just surface phenomena or represent
the damage state in the material. Only in-situ observations under loading render
reasonably reliable data but due to the very broad distribution of sizes and
orientations, the quantification of damage entities is almost impossible.
An inverse method to evaluate the damage state is based on measurement of residual
elastic properties. The change of these properties can be linked with models
describing the effect of different damage modes to estimate extend of each damage.
However, back-calculation of the damage state from the elastic properties change is
not unique due to different damage modes developing simultaneously.
Therefore, in following the elastic modulus reduction in the loading direction is used
as an empirical parameter to characterize overall damage without trying to identify
specific damage modes.
In this section we present measurement results of axial modulus reduction obtained
using the methodology described in Section 2.3.5. Note that all these displacement
controlled tests were performed at room temperature. Normalized modulus after
application of certain stress (corresponding to the reached strain maximum in Fig. 2)
is shown in Fig. 9-11. Normalization is done with respect to the initial modulus for
the particular specimen.
Modulus is presented as a function of stress instead of strain because strain of
inelastic materials in addition to elastic part contains transient viscoelastic term and
VP-strain. Their effect on damage is very complex and difficult to interpret.
In Fig. 9a) all three specimens conditioned at RH=34% did not show any modulus
change until reaching the maximum stress, σ max . After that two specimens had no
modulus reduction until failure and only one started to show modulus reduction which
reached 10% before failure. For specimens conditioned at RH=66%, see Fig. 9b),
there was no damage development before reaching maximum stress, σ max . Modulus
reduction starts after stress exceeds σ max and reaches 15% at the end of the test.
The elastic modulus of PLA-VF5 composite with 5% VF is shown in Fig. 10. For
specimens conditioned at RH=34% the modulus reduction, if any, is very small not
exceeding 1-2%. The elastic modulus of PLA-VF5 specimens conditioned at
RH=66% does not change.
It seems that PLA-VF5 composite in comparison with PLA-NF10 has higher
resistance to microdamage development. It could be due to presence of more ductile
viscose fibers. The σ max for PLA-VF5 is lower because VF are more compliant than
flax fibers in PLA-NF10 composite.
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Figure 9: Elastic modulus reduction as a function of maximum applied stress for
PLA-NF10 at a) RH=34% ; b) RH=66%.
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Figure 10: Elastic modulus reduction as a function of maximum applied stress for
PLA-VF5 at a) RH=34% ; b) RH=66%.
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Figure 11: Elastic modulus reduction as a function of maximum applied stress for
Lignin/FL30 at a) RH=34% ; b) RH=66%.
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The elastic modulus reduction in Lignin/FL30 composite, see Fig. 11, is much more
dramatic. Reduction starts at stress 20% below the σ max reaching about 20% at σ max .
The difference may be caused by much higher fiber content than in the PLA based
composites. The reduction before failure for RH=34% specimens is 45% and even
more (55%) for RH=66% specimens.
Referring to Fig. 3a) where tensile loading curves of all three composites are shown,
we may now conclude that the nonlinearity of PLA based composites before reaching
σ max is a result of viscoelasticity and viscoplasticity. In lignin matrix composite these
effects are superimposed by elastic modulus reduction. After σ max the significance of
the stiffness reduction on the loading curves is increasing which partly explains the
maximum in the stress-strain curves.

5. Creep test results
Strain development in a sequence of creep and recovery tests at three different stress
levels 12, 15, 18 MPa is shown for PLA-NF10 composite in Fig. 12a) (RH=34%) and
Fig. 12b) (RH=66%). The permanent VP- strains after strain recovery are rather small
at RH=34% for all stress levels. At RH=66% and 18 MPa stress the viscoplasticity
becomes noticeably higher.
The sequence of creep and recovery tests for PLA-VF5 composite lead to slightly
unexpected results: even if the maximum stress before failure in this composite at RT,
see Fig. 3, was about 26 MPa, in creep all specimens failed as shown in Fig. 13 at 1617 MPa. The highest stress level at which it was possible to achieve systematic VPstrains is 15 MPa.
The feature that specimens in a relatively short 1h long creep test fail at stresses
significantly lower than in the tensile test was observed also for PLA-NF10
composite. The corresponding stress values were around 18 MPa in creep and 26-29
MPa in tensile test.
VP-strain development in lignin matrix composite reinforced with 30% flax fibers is
shown in Fig. 14. VP-strains are very low at 12 MPa and they are drastically
increasing at stresses higher than 14 MPa.
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Figure 12: Strain in the sequence of creep and strain recovery tests at RT and a)
RH=34% , b) RH=66% for PLA-NF10 composite.
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Figure 13: Sequence of creep and strain recovery tests for PLA-VF5 composite at a)
RH=34%. (Specimen at 16 Mpa failed in the third creep step); b) RH=66% (Specimen
at 18 MPa failed in the beginning of the 2nd creep step whereas specimen at 15 MPa
failed during the 3rd creep step).
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Figure 14: Sequence of creep and strain recovery tests for Lignin FL30 composite at
a) RH=34% and b) RH=66%.

For lignin composite conditioned and tested at high relative humidity (RH=66%) the
VP-strain data are limited to 14 MPa due to specimen creep failure. It was similar as
was described for PLA composites: the maximum stress in tensile tests at RH=66%
was about 20 MPa, but in creep at more than 14 MPa this composite failed after a
couple of minutes.
The slightly waved shape of the strain recovery curves in Fig. 14b) is caused by the
variation of the moisture content during the test. The relative humidity in winter in the
testing location (North of Sweden) is about 5-20% which is very different from
RH=66% required during testing and used during conditioning. The device insuring
RH=66% during the test had a timer with a 60 min cycle and the variation of RH was
between 55 and 75%. Since lignin is very sensitive to moisture changes it rapidly
responded to humidity variation during test. The average over a cycle was used as the
value of the irreversible strain.
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In Fig. 15a) the VP-strains in PLA-NF10 and Lignin-FL30 composites are compared
at 12 MPa and in Fig. 15b) at 15 MPa .
According to Fig. 15 VP-strains are higher in lignin based composites irrespective to
the relative humidity. The effect of humidity is relatively larger at the low stress level
(12-15 MPa).
More detailed analysis of viscoplastic and viscoelastic phenomena in PLA-NF10
composite reader can find in [19] where also material model for this material is
developed.
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0.05
0.04
0.03
0.02

LIGNIN/FL30 RH=34%
PLA-NF10 RH=66%

0.01

PLA-NF10 RH=34%

0
0

0.5

1

1.5

t/t*

Figure 15: Viscoplastic strain development in creep tests: a) at 12 MPa; b) at 15
MPa. (t*=60min).

6. Conclusions
The effect of temperature and relative humidity on mechanical behavior in tension of
flax fiber reinforced thermoplastic matrix composites of bio-origin (PLA and lignin)
have been studied experimentally. In one of the PLA based composites flax fibers
were replaced by viscose fibers.
If the behavior of materials is considered as linear elastic the stress at maximum
would be overestimated by 40-50%. All materials are temperature sensitive in the
studied temperature region between room temperature (RT = 22°C) and 35°C.
To explain the nonlinearity, stiffness degradation due to microdamage as well as
development of viscoelastic and VP-strains were analyzed at room temperature.
Microdamage accumulation in PLA based composites is not significant: for
composite with 5% viscose fibers there is no modulus reduction at all whereas flax
fiber composites a small (less than 10%) reduction was observed after reaching the
stress maximum. In the lignin based composite the modulus reduction starts before
stress has reached the maximum and just before failure the degradation level can
reach 50%. With increasing relative humidity these effects are slightly larger.
The time-dependent phenomena were analyzed in short term creep and strain recovery
tests demonstrating significantly higher VP-strain in lignin composites. Both,
viscoelastic and VP-strains are significantly larger at higher relative humidity.
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Abstract

The mechanical behavior of PLA/flax fibers composite in tension was investigated by
analyzing elastic properties and loading curves. The observed nonlinearity was
attributed to microdamage, viscoelastic and viscoplastic response suggesting
Schapery’s type of model for viscoelasticilty and Zapas’ model for viscoplasticity. It
was found that after loading at stress levels below the maximum possible the elastic
modulus is not affected and, therefore, damage does not need to be included in the
material model. Viscoplastic and viscoelastic strain development was analyzed in
creep and strain recovery tests at several high stress levels. The identified and
validated material model is nonlinear viscoelastic and viscoplastic with slight
nonlinearity even in the elastic strain term. It appears that there is no region of linear
viscoelasticity for this material. Nonlinear elasticity, viscoelasticity and
viscoplasticity are equally responsible for observed nonlinearity in tensile tests.
1. Introduction

In last years competitive bio-based materials have been developed to reduce the
dependence on non-renewable oil-based plastics and composites. The data of market
analysis [1,2] show that 50% of the total world-wide capacity of bio-based
thermoplastics is for unmodified starch whereas the rest of the market is split between
polylactic acid (PLA), polycaprolactone (PCL), poly-3-hydroxybutyrate (PHB), and
poly(3-hydroxybutyrate co-3-hydroxyvalerate) (PHBV). PLA is a well known
biodegradable, aliphatic polymer, which can be obtained from renewable resources,
such as corn, sugar, cane, by fermentation of sugar (in various forms) and is mainly
used in medical applications. Nowadays PLA is entering also the packaging market
due to its good barrier properties.
Bio-based polymers usually have inferior properties in comparison with the synthetic
competitors and suffer from sensitivity to moisture and temperature changes.
Reinforcement with natural fibers such as wood or agrofibers is a convenient choice
for reaching acceptable performance in terms of mechanical properties. The
commonly used natural fiber reinforcements are flax, hemp, kenaf, jute, sisal, ramie
and coir. The stiffness of e.g. bast fibers in longitudinal direction is comparable to that
of glass fibers (for example flax fibers have stiffness 50-100 GPa vs 72 GPa for Eglass fibers) [3-6]. The direct benefits of use of natural fibers in composites are light
weight, reduced wear on the processing equipment and lower impact on the
environment. However, these materials are inherently hydrophilic, and as they are of
natural origin, their mechanical properties are subject to large variation.
Generally speaking composites based on thermoplastic biopolymers (lignin, starch,
PLA) reinforced with natural fibers are today established as engineering materials
used in various industrial branches [7,8].
Common processing methods and products of natural fiber composites include
injection molding of packages, extrusion of beams for decking, and compression
molding of panels for automotive use. Other methods, such as rotational molding,
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have also been considered, but so far not widely exploited. The advantage of the good
mechanical properties of the natural fibers is perhaps best taken of in compressionmolded products. However, this requires additional fibre processing to produce high
quality yarns.
Basic mechanical behavior of natural fiber composites (elastic modulus, strength,
strain to failure, impact resistance etc.) has been studied by numerous researchers, an
overview of some results can be found in [9-13]. However, rather limited amount of
papers deal with inelastic and time-dependent properties, for example, [14-16] with
Flax/PP and Flax/starch composites, [17-19] with pulp fiber/formaldehyde.
The above referred sources show that in natural fiber composites the mechanical
properties of fibers and the matrix are inherently nonlinear and the composite exhibits
complex time dependent stress-strain behavior with loading rate effects and hysteresis
loops. The phenomena dominating mechanical behavior may also include evolving
microdamage (cracks, debonds etc) resulting in elastic properties degradation and
development of irreversible strains. Therefore, material models of these materials
should account for viscoelasticy and viscoplasticity accompanied with microdamage.
Generally speaking, the viscoelastic behavior may be nonlinear with respect to stress.
Moreover, the irreversible strains even in a simple high stress creep test depend on
loading time and the stress level. In this paper we will demonstrate that the
viscoelasticity of Flax/PLA composites follows the constitutive model developed by
Schapery [20,21]. This type of constitutive equation was further modified to account
for microdamage in [22].
In the present paper systematic investigation of mechanical behavior of flax fiber
reinforced PLA composite in tension is presented. The objective is to identify material
model for Flax/PLA composite and to analyze the significance of viscoelastic,
viscoplastic and stiffness reduction effects on mechanical behavior. Optimized set of
experiments needed to determine the stress dependent functions in the material model
and reliable methodology for data reduction is proposed.
2. Materials and Experiments
2.1. Materials

Loose 1mm long Flax fibers were used to reinforce the thermoplastic PLA matrix.
Fiber weight fraction in the composite was 10%. The fiber volume fraction, which is
the most important parameter in micromechanical theoretical analysis, is determined
by using composite density which is calculated using standard micromechanics
expressions. The densities of constituents are known: PLA density is
ρ PLA = 1.25 g / cm 3 [23] and flax fiber density ρ f = 1.55 g / cm 3 [3].
2.2. Compounding and Injection Molding
After mixing the raw materials: matrix, fibers and processing aids, impact modifiers
in extruder, the next step was compounding. Compounding of PLA with flax fibers
was done in a extruder where the components were introduced by a feeder. The
mixture was heated up above the melting point of polymer and homogenized by
screws. The extruded strand of compound was cooled in a water bath and cut in a
granulator.
After the compounding, granules were processed in an injection molding machine in
order to produce dog-bone specimens. The specimen thickness was about 3.8-3.9 mm,
and width in working zone (narrow part of the sample with parallel edges) 10.0-10.1
42

mm. Total length (together with clamping part) of sample was 150 mm, but working
zone length was §70 mm.
2.3. Experiments
2.3.1 Specimen conditioning
Specimens were kept in desiccators at fixed relative humidity (RH=34%) for 2-3
weeks before testing and their weight was regularly measured. Since during the
testing the relative humidity was different than during conditioning, special care was
taken to stabilize the moisture content in specimens during the test. Specimens were
covered (wrapped in plastic) when necessary.
2.3.2 Tensile tests
In all quasi-static tensile tests the cross head speed of the INSTRON 3366 testing
machine was 5mm/min which roughly corresponds to 5% strain per minute. All tests
were performed at room temperature. Stress-strain curves were obtained in monotonic
tensile loading until failure. In many cases the stress first reached maximum whereas
the failure occured at higher strain and lower stress. Therefore the presented data
include: a) loading curves; b) maximum stress σ m and corresponding strain ε m (called
“strain at maximum stress“); c) strain and stress to failure, σ fail and ε fail . In some
cases when the applied strain exceeded 10%, the test was stopped before the failure of
sample.
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0
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Figure 1: Elastic modulus determination in loading and unloading of flax fiber/PLA
composite with 10% fiber weight content. The slope of trendlines is used to determine
elastic modulus.

The elastic modulus was determined in a loading- unloading cycle with the maximum
strain value slightly above 0.2% expecting that no damage and other irreversible
phenomena will develop at these strains. The elastic modulus was defined by the
slope of the stress-strain curve in the strain region 0.05% to 0.2%. As demonstrated
in Fig. 1 the loading and unloading curves both being rather linear have slightly
different slopes and, hence, two different values of the modulus (2.45 GPa in loading
and 2.52 GPa in unloading) may be determined. In the presented example the
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difference is small and therefore the loading value is used to represent the elastic
modulus.
Usually the slope of the unloading curve is preferred using an argument that during
unloading irreversible phenomena (damage) would not develop and thus the
unloading is “more elastic” than the loading. However, for time dependent materials
this reasoning does not hold: often the slope of unloading curve is even higher than
for loading which definitely can’t be a result of increased elastic modulus. The change
in slopes due to viscoelasticity can be as big as due to damage and is not easy to
account for. For example, if the specimen would be loaded to slightly higher strain
which is still below the damage initiation threshold (0.25% instead of 0.2%), keeping
for modulus determination the same region as before, the unloading modulus would
be lower.
Tensile creep tests were performed using a creep rig with dead weights. In Fig. 2 the
picture on the top represents the time dependence of the applied stress: creep load is
applied in steps and in step k + 1 stress is applied instantly at t k and kept constant for
time interval t k +1 − t k . The picture on the bottom (Fig. 2) shows creep strain during
loading interval and also strain recovery after load removal. The duration of strain
recovery interval was at least 5 times longer than the loading interval. Creep strains
(measured using extensometer) were recorded during the loading and also during the
following interval of strain recovery after load removal.
The irreversible strains at the end of the recovery period (if present) were analyzed as
viscoplastic. To analyze the viscoelastic behavior, part of the creep tests with duration
of loading for not more than 1 hour was performed in one loading step. Creep tests
used for determination of time and load dependence of viscoplastic strains were in
multiple steps over shorter time intervals of 10, 20 and 30 min.



Figure 2: Schematic showing of strain development during creep test and after load
removal.

2.3.3 Microdamage coused stiffness reduction
After samples are subjected to high stress levels the elastic properties of composite
may be degraded. The elastic modulus dependence on the previously applied
maximum strain/stress level was measured to evaluate the significance of
microdamage developing at high stresses. The loading ramp is shown in Fig.3. It
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consists of a sequence of steps each containing: a) loading/unloading in low stress
region for elastic modulus determination, duration of this step is t1; b) recovery for a
time 5t1; c) loading up to certain high strain level with following unloading to almost
zero stress, the duration of this step is t2; d) recovery at almost zero stress level for
decay of all viscoelastic effects during time 5t2. Then the same sequence a)-d) was
repeated for a higher level of applied maximum strain.
In some cases large irreversible strains developed after application of high stress: after
unloading to zero stress and relatively large recovery period, large residual strains still
were present. Therefore, it was not suitable to keep in the modulus determination step
(following unloading and recovery) the strain region between 0.05 and 0.2%. Instead
a corresponding stress region was used, which for each particular specimen was
defined in the first step of modulus measurement where irreversible strains were not
present.

Figure 3: Example of stress and strain dependence on time during displacement
controlled and stress limited elastic modulus reduction test.
3. Inelastic stress-strain response in tensile tests with constant displacement rate

The stress-strain curves until failure are shown in Fig 4. The results are stable and
with high repeatability from sample to sample. These tests were performed also on
specimens conditioned and at RH=66%. The most important characteristics of curves:
a) elastic modulus (initial slope); b) the maximum stress value, σ m and the
corresponding strain, ε m as well as the strain and stress values at failure ε fail , σ fail are
given in Table 1. Results in Fig. 4 and Table 1 conviencingly show that all properties
are reduced for RH=66% specimens. For these specimens we expect higher (compare
to RH =34%) moisture content due to hydrophilic nature of fibers as well as the
matrix. At higher relative humidity σ m is by 10-15% lower, even ε m is slightly
reduced. It is also noticeable that the scatter in data is lower for specimens
conditioned at RH=66%.
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Figure 4: Stress-strain curves for PLA-NF10 for two values of relative humidity,
34% and 66%.
Table 1 : Mechanical properties of PLA-NF10 for different RH
RH (%) E (GPa)
ε m (%)
σ m (MPa)
ε fail (%)

σ fail (MPa)

34
66

25.4 (1.5)
21.8 (1.0)

3.05 (0.11) 1.5 (0.05)
2.60 (0.24) 1.4 (0.03)
( ) Standard deviation

29.5 (1.0)
26.1 (0.2)

4.1 (0.6)
2.6 (0.7)

High moisture content usually reduces mechanical properties of natural fibers and
resins (with exception of lignin for which small amounts of moisture may slightly
increase the elastic modulus [24]). Since deeper analysis of these phenomena was not
performed, at this point we can just state that in the analyzed Flax/PLA composite all
properties are reduced due to moisture.
It is noteworth that the composite modulus given in Table 1 is of the order of
magnitude of the expected modulus of PLA [23] (not measured in this study). It
appears that weight fraction W f = 0.1 of relativelly high modulus flax fibers has
small effect on modulus.
The experimental composite modulus can be compared with predictions of simple
micromechanics expression for in-plane elastic modulus of short fiber composites
with certain orientation distribution. The following discussion is not aimed to
obtaining accurate prediction of properties for studied material. Rather simple model
is employed only to demonstrate trends with respect to parameters of internal
structure of composite
E = η lηθ E f V f + E m (1 − V f

)

(1)

In (1) V f is fiber volume fraction, E f is the fiber axial modulus, E m - the matrix
modulus, η l is length correction factor which is equal to one for long fibers (fibers
with high aspect ratio). Coefficient ηθ is the orientation efficiency factor with value
3/8 for random in-plane orientation of fibers and 1/5 for random 3-D distribution. If
the orientations are preferably in-plane the value of ηθ would be between the two
given above.
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The average fiber length, which before processing was 1 mm, possible is reduced and
fibers are partially damaged during manufacturing [25]. Since the fiber dispersion was
good (no large fiber clusters observed using optical microscopy), the fiber aspect ratio
(length versus diameter) is still rather large (assuming diameter of 30 microns it could
be in the range of 10-30) and the value of the length efficiency factor η l should be
only slightly lower than 1. The value of η l depends also on the stress transfer
mechanism which is greatly affected by interface quality (strength, yielding or
fracture toughness).
Because the fiber length was less than 1 mm whereas the specimen thickness was 3.83.9 mm, the 3-D random distribution is possible but not really likely due to the used
injection molding which usually leads to some preference for in-plane orientation.
Given that experimental data about fiber orientation distribution is not available, the
following calculation example is just an illustration of possible effect of the
reinforcement and its orientation. Due to similar densities of constituents the volume
fraction in the example are assumed equal to weight fraction.
Assuming reasonable values for modulus of the damaged fiber E f = 50 GPa, PLA
modulus E m = 1; 2.4; 3.5 GPa, length correction factor η l =0.8 and 3-D fiber
distribution with different degree of in-plane preference, we obtain values presented
in Table 2. According to Table 1 and Table 2 the elastic modulus of PLA is around
2.4 GPa. One can see that composite modulus is only slightly affected by variation in
the unknown value of fiber orientation distribution.
Table 2: Theoretically obtained Elastic modulus for
PLA composite
1/5
2/7
3/8
Orientation
(3D)
(2D)
efficiency factor ηθ
0
0.1
Vf

PLA/Flax modulus,
GPa

1.0
2.4
3.5

1.70
2.96
3.95

2.04
3.30
4.29

2.40
3.66
4.65

Our ambition in this and in the following sections is to develop material model able to
describe the stress-strain response of the analyzed composite until the point where the
stress reaches maximum. The first impression looking to the loading curves presented
in Fig. 4 is that the behavior until reaching σ m is rather linear. This visual impression
is not correct: using the initial elastic modulus values from Table 1 and the strain
corresponding to the maximum stress, we can calculate the expected stress for linear
elastic materials. As follows from Table 3 predicted values are much higher than
obtained from experimental stress-strain curves.
Table 3: Linear elastic (predicted) and experimental maximum
stresses in loading curves for composite PLA-NF10.
Ratio
Humidity
σ m (MPa)
σ m (MPa)
(test)/(l.e.)
level
test
linear elastic
RH=34%
29.5
45.8
0.65
RH=66%
26.1
36.4
0.72
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4. Nonlinear material model for damaged materials

Strain decomposition means assumption that the micro-damage influenced
viscoelastic strain response can be separated from viscoplastic response. Since both
may also be affected by damage, the total strain can be written as a sum of two terms

ε (σ , t ) = d (σ max )ε VE (σ , t ) + d (σ max )ε VP (σ , t )

(2)

ε VE , ε VP in (2) are nonlinear viscoelastic (VE-strain) and viscoplastic strains (VPstrain) respectively. This assumption may be incorrect at high stresses where
interaction of all possible mechanisms is expected.
The theory of nonlinear viscoelastic materials developed by Lou and Schapery, 1971
[20] and Schapery, 1997 [21] is used in this work. The constitutive equations in this
theory are obtained using expansion of the Gibb’s free energy in viscoelasticity
related internal state variables and using for them linear evolution laws with respect to
thermodynamic forces. For anisotropic materials subjected to general loading case the
resulting constitutive equations include many stress invariant dependent material
parameters/functions to be experimentally identified. All these stress dependent
functions are also affected by temperature and humidity, but in fixed environmental
conditions they can be considered as stress dependent only.
In this work all experimental data are obtained in uniaxial tensile loading measuring
the strain component in loading direction only. Therefore, in following we analyze
the model for one-dimensional case when it contains only three stress invariant
dependent functions which characterize the nonlinearity.
In (2) function d (σ max ) was incorporated to account for microdamage. Values of this
function do not depend on the current stress state. It depends on the “maximum”
(most damaging) stress state experienced during the previous service life when the
current damage state was introduced. In uniaxial loading it is the highest experienced
axial stress. By this we assume that any future loading to stress lower than previously
applied σ max will not change the damage state. Certainly the form of interaction
between d and VP-strain ε VP used in (2) is arguable and requires further analysis. It
is based on limited number of empirical observations [22] that this form fits the test
results better than a stand-alone term of ε VP . Actually this form states that larger VPstrains develop in damaged composite than in undamaged composite. To advocate
this form we remind that microdamage evolution without any viscoplasticity can
introduce irreversible strains (for example, the thermal stress release in layers of
laminates due to intralaminar cracking leads to elongation of the whole laminate
which is equivalent to occurrence of irreversible strain).
The modified material model based on Schapery’s expressions for one-dimensional
case is
t
§
·
d ( g 2σ )
ε = d (σ max ) ⋅ ¨¨ ε 0 + g1 ³ ΔS (ψ − ψ ′)
dτ + ε VP (σ , t )¸¸
(3)
d
τ
0
©
¹
In (3) integration is over “reduced time” introduced as,
τ
t
dt ′
dt ′
ψ =³
and consequently ψ ′ = ³
(4)
a
a
0 σ
0 σ
In (3) ε 0 represents elastic strain in undamaged composite which, generally speaking,
may be nonlinear function of stress. The time dependent part of the VE-response
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(integral in (3)) is characterized by ΔS (ψ ) which is the transient component of the
linear viscoelastic creep compliance and according to the theory does not depend on
stress level. The parameters g1 and g 2 are stress dependent material properties and
aσ is the shift factor. These three functions in fixed conditions depend on stress only.
It was shown by Schapery, 1997, that the linear viscoelastic creep compliance has the
form of Prony series,
§
§ ψ ··
ΔS (ψ ) = ¦ Ci ¨¨1 − exp¨¨ − ¸¸ ¸¸
(5)
i
© τi ¹¹
©
In (5) Ci are constants and τ i are called retardation times.
For sufficiently small stresses linear viscoelastic region, where the VE-strains are
proportional to the stress level, may exist. In this region (if it can be found)
g1 = g 2 = aσ = 1 , and thus (3) turns into the strain-stress relationship for linear
viscoelastic, nonlinear viscoplastic materials. The physical meaning of the damage
related function d (σ max ) in (3) was revealed in [26] analyzing the elastic strain term.
Contrary to [26] where d was considered as a function of strain here we suggest to
consider it as a function of stress
E0
d (σ max ) =
(6)
E (σ max )
From (6) follows that the damage function is the elastic compliance of the damaged
composite normalized with respect to its initial value. It is inverse to the normalized
elastic tangent modulus dependence on the “worst” experienced stress which will be
analyzed in Section 5.
Irreversible VP-strains develop at high stresses and increase with the time of loading.
In Marklund et al., [22], Nordin and Varna [27] the development of viscoplastic
strains was successfully described by a functional presented by Zapas and Crissman
[17]. In this model VP-strain growth during loading with specified time dependence
of the applied stress is given by
M
 t t*
½
° § σ (τ ) ·
°
ε VP (σ , t ) = CVP ® ³ ¨ * ¸ dτ ¾
σ
©
¹
0
°̄
°¿

m

(7)

CVP , M and m are constants to be determined, τ = t t * where t * is an arbitrary

chosen characteristic time constant. In this study we use t * = 3600 seconds because
the time interval of study was about one hour and σ * = 1 MPa because stresses in (7)
are always in units of MPa. Actually expression (7) slightly differs from the original
form: t * and σ * have been introduced to have CVP dimensionless (if CVP is presnted
in %, the calculated VP-strain values in (7) will be also in %).
In following sections the material model will be identified for composite at RH=34%.

5. Elastic modulus degradation at high loads
When fiber reinforced composites are subjected to high loads/strains several
microdamage events may take place leading to reduction of elastic modulus in the
loading direction and other thermo-elastic properties. The most typical microdamage
phenomena are fiber/matrix debonds, fiber bundle debonding from matrix,
intrabundle cracks (cracks crossing bundles with the crack plane parallel to fibers and
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normal to the loading direction), matrix cracks bridged by several bundles and finally,
fiber and/or bundle pull-outs, and/or fiber breaks. The particular mechanisms depend
on fiber dispersion and are more dramatic in case of clustered microstructures. For
better dispersed reinforcement the initial damage entities are small (comparable with
fiber diameter) and difficult to observe using microscopy. One can see many tiny
cracks but it is difficult to determine if they are just surface phenomena or represent
the damage state in the material. Only in-situ observations under loading render
reasonably reliable data but, due to the very broad distribution of sizes and
orientations, the quantification of such damage entities is almost impossible.
An inverse method to evaluate the damage state is based on measurement of residual
elastic properties. The change of these properties can be correlated with models
describing the effect of different damage modes to estimate extend of each of them.
However, back-calculation of the damage state from the elastic properties change is
not unique due to different damage modes developing simultaneously.
Therefore, in following the elastic modulus reduction is used as an empirical
parameter to characterize overall damage without trying to relate it to specific damage
modes.
In this section we present measurement results of stiffness reduction with increasing
strain level using the methodology described in Section 2.3.3. The results in Fig. 5 are
presented in form of elastic modulus after loading to certain strain/stress level
normalized with respect to initial modulus (in undamaged state) for the particular
specimen.
In Fig. 5a two out of three RH=34% specimens did not show any stiffness change
until 2% strain and only one started to show modulus reduction after 1.3% strain. For
one particular specimen it could be caused by some large manufacturing defect or
fiber clustering leading to larger cracks growing under loading. In this sense the first
two specimens show the potential of this composite if large manufacturing defects can
be avoided.
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Figure 5: Elastic modulus degradation for PLA-V3-NF10 as a function of the applied
maximum a)strain; b) stress.
Strain (%)

The elastic modulus reduction presented in Fig. 5a as a function of strain is rather
difficult to interpret due to the complex nature of the strain: in addition to the elastic
strain an evolving viscoplastic part is also included in the measured values.
Nevertheless, one can see in Fig. 5a) that the strain level, when the elastic modulus
starts to degrade, is of the same magnitude as the 1.4% strain when σ max was reached
In Fig. 4.
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However, it may be more representative to show the elastic modulus reduction versus
the stress level. These experimental values are shown in Fig. 5b. This representation
is also required for the model described in Section 4. One can see in Fig. 5b that the
elastic modulus has not changed until stress has reached σ m (the maximum stress in
stress-strain curves in Fig 4) and reduction occurs only after that: at larger strain but at
lower stresses.
Since it is not our ambition to develop material model for strains larger than ε m , the
damage can be ignored in material model (3). Obviously there have to be other
mechanisms responsible for nonlinear response at strains lower than ε m . According to
our model (2) it can be only viscoelasticity and/or viscoplasticity.

6. Viscoplastic model identification
6.1. Viscoplastic strains in creep test
Typical creep test performed in this study consists of loading part called “creep
interval” in Fig. 1 and the strain “recovery interval” after unloading. After the
unloading viscoelastic strains decay and remaining after the long period of recovery
strain is viscoplastic strain (VP-strain) which has developed during loading. The
phenomenon viscoplastic strain accumulation was observed also in elastic modulus
reduction tests which consist of several steps of loading and unloading to
progressively higher strain levels, see Fig. 3. In order to understand and quantify the
VP-process, certain tests have to be defined. It is not known a priori that the
composites under study comply with the law given by (7). In order to verify it, we
will make comparison with test data predictions of this model for VP-strain developed
in creep test at σ 0 during the time interval Δt1 . When σ = σ 0 the integration in (7) is
trivial and the VP-strain dependence on the duration of the creep test Δt1 obey the
following power function
Mm
m
§ σ · § Δt ·
(8)
ε VP (t1 ) = CVP ¨ 0* ¸ ¨ *1 ¸
©σ ¹ © t ¹
Thus, if the model (7) is applicable, the time dependence of VP-strains in constant
stress creep test should follow a power function with respect to time as predicted by
(8).
m
§ Δt ·
ε VP (t1 ) = A¨ *1 ¸
(9)
© t ¹
where A has power a law dependence on the applied stress level in the creep test
Mm

§σ ·
A = CVP ¨ * ¸
(10)
©σ ¹
From the form of the integral (7) follows that during strain recovery at zero stress VPstrains are not changing. Therefore, the most convenient way to determine VP-strains
is by measuring the irreversible strains after viscoelastic strain recovery. Each creep
and strain recovery test represents one data point: VP-strain in creep test at stress σ 0
after creep time Δt1 . The stress σ 0 can be applied again for a different time interval
Δt 2 . The measured new irreversible strain (VP-strain) added with the previous VPstrain is equal to VP-strain that would develop in one creep test of length Δt1 + Δt 2 .
Repeating for the same specimen this creep loading and strain recovery sequence
51

several times the VP-strain as function of time for this stress level is obtained. The
described sequence of creep tests is visualized in Fig. 2. The starting point and the end
point of the (k+1) creep test are denoted t k and t k +1 , the length of this creep test
Δt k +1 = t k +1 − t k , the VP-strain accumulated in k different creep tests before the (k+1)
k
test is denoted ε ¦ and the additional viscoplastisc strain developed during the
VP

c
.
current (k+1) test is denoted ε VP
The constant m in (9) is determined as the best fit by power function to test data
described above. According to the model (7), the exponent m has to be independent
on the stress level used in creep test. In order to quantify the A dependence on stress
level, the described sequence of creep tests has to be performed at several high stress
levels and for each level A is obtained by fitting. In other words, to validate the VP
model we have to show that: a) the VP-strains follow power law with respect to time;
b) the same exponent m can be used for all stress levels; c) the A dependence on σ 0
also follows power law as predicted by (10) and parameters CVP and M can be
obtained from this fitting. In this way we show experimentally that the viscoplastic
law (7) is applicable at least for creep tests. More complex loading ramps may be
used for experimental validation and further model adjustment.
Since the whole time dependence for a given stress level can be obtained using one
specimen, only a few representative specimens are necessary to cover different stress
levels.
Usually the VP-strain rate in creep test decreases with time. Therefore, the length of
the creep loading time Δt k in each following test can be increased (proportionally
increasing also the strain recovery time). The time scale depends on the time region to
be covered. Creep tests of length Δt1 =10, Δt 2 =20 and Δt 3 =30 min were used in this
study. The strain recovery time after the load application step was 5 times the length
of the duration of loading.

6.2. Experimental results
Strain development in a sequence of creep and recovery tests at three different stress
levels is shown in Fig. 6. The VP- strains are rather small for all used stress levels.
As explained in Section 6.1 the irreversible strain after each strain recovery is the VPstrain accumulated during the total duration of all previous creep steps. These data
render the VP-strain dependence on time at different stress levels shown as symbols
in Fig. 7a.
Parameters in the viscoplastic law (7) ( m, M and CVP ) were obtained in two steps:
1) m and A(σ ) obtained fitting (9) to data for all stresses from Fig. 7a in log-log
axes. The result of fitting is presented as solid lines in Fig. 7a and the A values are
shown as symbols in Fig. 7b.
2) The A dependence on σ presented in Fig.7b is fitted by (10) to find CVP and Mm
The obtained constants in the viscoplastic law (11) are given
m = 0 .3

M = 16.37

CVP = 3.927 ⋅ 10 −8

Using these parameters VP-strains in % will be calculated. For each particular stress
level separately the fit to data in Fig. 7a) is not perfect. However, it was the best
obtained with stress independent values m = 0.3 as required by the model. The power
52

functions fit to stress dependence in Fig. 7b is acceptable but the scatter between
individual specimens may be large and extrapolation for stress above the tested level
is uncertain. Creep tests at stresses higher than presented were not possible due to
early creep rupture of specimens in all attempts. Alternatively, further adjustment of
the model (or validation) for extremely high stresses can be performed at high stress
level in loading-unloading tests with constant stress rate. The model (7) for this test
predicts simple time and stress dependence of VP-strains.
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Figure 6: Strains in the sequence of creep and strain recovery tests at RT and
RH=34% for PLA-NF10 composite.
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Figure 7: Development of viscoplastic strains in creep tests in PLA-NF10 composite
at RH=34%: a) Time dependence; b) the stress dependence of A , see Eq (10).
Symbols represent data points, solid lines represent model.
7. Characterization of nonlinear viscoelasticity
7.1. Viscoelasticity in creep and strain recovery test
Creep strain curves like the ones presented in Fig. 6 contain viscoelastic as well as
viscoplastic strains. Generally speaking damage is also present and the damage
function d (σ max ) influences strains. However, experiments in Section 5 proved that
for this particular composite the elastic modulus degradation is negligible until σ m is
reached and thus d (σ max ) = 1 in (3).
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In a creep test the stress is applied at t = 0 and is kept constant until time instant t1 .
Then the stress is suddenly removed and the strain recovery period begins. The
loading dependence on time can be written as σ = σ [H (t ) − H (t − t1 )] where H (t ) is
the Heaviside step function.
The material model (3) may therefore be applied separately to the creep interval
t ∈ [0, t1 ] and to the strain recovery interval t > t1 . The following expressions were
obtained in [16,22,28] for creep strain ε creep and recovery strain ε rec respectively:

§

t · ·¸
¸¸ + ε VP (t , σ )
(11)
¸
i
© aσ τ i ¹ ¹
©
§
§ t − t1 ·
§
t ··
¸¸ + ε VP (σ , t1 )
ε rec = g 2σ ¦ C i ¨¨1 − exp¨¨ − 1 ¸¸ ¸¸ exp¨¨ −
(12)
i
a
τ
© τi ¹
© σ i ¹¹
©
Expressions (11) and (12) have to be used to fit the experimental creep and strain
recovery data. Constants Ci i=1,….I, (stress independent) and ε 0 (σ ) , aσ (σ ) , g1 (σ )
and g 2 (σ ) have to be obtained by fitting creep and strain recovery data at different
levels of stress. The retardation times τ i in Prony series are chosen arbitrary, but the
§

ε creep = ε 0 + g1 g 2σ ¦ C i ¨¨1 − exp¨¨ −

largest τ i should be about a decade larger than the length of the conducted creep test.
A good approximation to experimental data may be achieved if the retardation times
are spread more or less uniformly over the logarithmic time scale, typically with a
factor of ten between them. Optimization of the τ i selection can be made by
comparing the accuracy of the obtained fit for different selections using least square
method as described below. Even if Ci > 0 it is not a necessary condition, this
additional requirement was used to simplify fitting of test results.
The stress and time dependent VP-strain enters (11) and (12). The viscoplastic strain
constituent has to be subtracted from the total measured strain to analyze purely
nonlinear viscoelastic response. In strain expression for the recovery interval (12) we
need only the VP-strain value developed at the end of the current creep test, ε VP (σ ,t1 )
and it comes directly from the test. However, in (11) we need to subtract VP-strain in
any instant of time during the particular creep test. In a general case the specimen
could be subjected to a sequence of k different creep test before the current k + 1 test.
Expression for growth of viscoplastic strain with time during the current k + 1 creep
step was derived in [26]



m

t − tk ½
Σ (k )
t ∈ [t k , t k +1 ] (13)
¾ − ε VP
«
»
¬
¼
t
−
t
k +1
k ¿
¯
This form of VP-strain development has a very significant advantage: the required
information comes from test on this particular specimen: a) the sum of viscoplastic
c
¦ (k )
strain during previous loading steps, ε VP
; b) the “new” viscoplastic strain ε VP
developed in the current creep test. In addition, m comes from time dependence of
viscoplastic strains described in Section 6. If the current test is the first creep test for
the specimen (we use specimen that has never been subjected to any load before)
Σ (0 )
ε VP
= 0 , t 0 = 0 and (13) turns to
k +1
(t ) = ®(εVPΣ(k ) ) m + ª(εVPc + εVPΣ(k ) ) m − (εVPΣ(k ) ) m º
ε VP

1

§t·
© t1 ¹

1
(t ) = εVPc ¨¨ ¸¸
ε VP

1

1

m

(14)
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In expression (13) the theoretical dependence of VP-strain on stress is not utilized.
Instead the experimental value of the VP-strain at the end of the test is employed.
This treatment is more “individual” and instead of subtracting some “average VPstrain” the VP-strain for the particular specimen is subtracted. Using these
expressions we are able to analyze specimens that have been tested in several high
stress creep tests at different stress levels.
The coefficients Ci , τ i , aσ , g1 , g 2 and also the elastic term ε 0 are obtained as
follows:
1. Creep and strain recovery data in low stress region (with expected linear response
and assuming g1 = g 2 = aσ = 1 ) are used to determine Ci by fitting
simultaneously the viscoelastic creep and strain recovery data (method of least
squares (LSQ)) using expressions (11) and (12). Retardation times τ i are selected
rather arbitrary with about one decade step and adjusted to ensure that all Ci are
positive.
2. Data for all stresses (in expected nonlinear viscoelastic region as well as in the
assumed “linear region”) are fitted by (11) and (12) using previously obtained C i ,
τ i and using ε 0 (σ ) , aσ (σ ) , g1 (σ ) and g 2 (σ ) as fitting parameters. The routine
was the following: i) the initial value of aσ was chosen and then increased with a
selected step; ii) for each value of aσ the method of LSQ was employed to find the
best g 1 , g 2 and ε 0 ; iii) For each set of aσ , g1 , g 2 and ε 0 the misfit function
(sum of squares of deviations with test data, creep and recovery) was calculated;
iv) the set of aσ , g1 , g 2 that gives the minimum of the misfit function was
considered as the best.
3. The procedure described in point 2 was repeated for all available stress levels to
obtain the stress dependence of aσ , g1 , g 2 and ε 0 .
7.2. Results: viscoelastic response and model parameters
Since creep and strain recovery tests have to be performed at different stress levels
and time intervals, the testing is very time consuming and the number of used
specimens has to be limited. It is therefore crucial that the specimen is representative
for the analyzed material. The specimens were singled out on the basis that their
elastic properties were close to the average values in a larger group. Data for each
specimen in the nonlinear viscoelastic analysis were analyzed separately, which is a
preferable strategy since the data reduction procedure may show some artificial trends
when average creep curves are used.
Viscoplastic strains where subtracted from the measured creep strain as described in
section 7.1. The remaining pure viscoelastic strain development with time in creep
tests is shown in Fig. 8a. As expected VE-strains depend on stress level but after
dividing them by applied stress and presenting the result as viscoelastic compliance,
see Fig. 8b, the difference is not very large. In the region of 6 to 10 MPa the
compliance does not depend on stress level, but starting with 12 MPa it is slightly
increasing. Nevertheless, the two curves at 15 MPa and 18 MPa are practically
coinciding, demonstrating that the variation between specimens may be of similar
magnitude as the nonlinearity.
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Figure 8: Viscoelastic creep of PLA-NF10 composite at RH=34%: a) viscoelastic
strain after VP-strain subtraction; b) viscoelastic compliance at several stress levels.
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Figure 9: Stress dependence of parameters in the nonlinear viscoelasticity model for
PLA-NF10 composite at RH=34%.
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The low sensitivity of creep compliance to stress level seems to justify use of linear
viscoelastic model. However, it is important to understand that it is not a sufficient
condition for use of linear viscoelastic models. The strain recovery curves have to be
analyzed together with creep curves. The time dependence in creep and strain
recovery for linear VE materials have to be with the same value of reduced time ψ . It
was definitely not the case and much better fit was obtained using, for example
aσ > 1 , see Fig 9 for further details. This result does not contradict Schapery’s theory.
It simply proves that the analyzed material in the relatively low stress region, which
we assumed to be region of VE linearity, actually is not linear.
Nevertheless, in the performed procedure first the viscoelastic compliance
parameters Ci and τ i were found using data at σ < 10 MPa and assuming that in this
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region g1 = g 2 = aσ = 1 . The obtained values for PLA-NF10 composite using (11),
(12) are given in Table 4. Then fitting using expressions (11), (12) were used again
for all stress levels to find ε el , aσ , g1 , and g 2 . As mentioned above, in the earlier
defined “linearity region“ the best fit with the previously found Ci and τ i is not
obtained assuming g1 = g 2 = aσ = 1 , see Fig. 9. The difference is the largest for
aσ which reflects the fact that the time dependence in creep and in strain recovery
region, even if the stress is low, has not the same magnitude, and therefore “reduced
time” has to be used for strain development under loading. At all stress levels g1 is
almost constant but consistently g 1 < 1 . Certainly, constants C i could be now

redefined to force g 1 be equal to one. It is possible because in (11) and (12) and in the
general constitutive law (3) C i and g1 always are in form of product C i g1 . However,
it would not change the results of this model. And, of course this redefinition is not
possible for g 2 and aσ . As follows from Fig. 9 the elastic response is slightly
nonlinear.

Table 4: Parameters in Prony series for PLANF10 composite at RH=34%
τ i (sec)
C i (%/MPa)
20
1.7416 ⋅ 10 −4
100
4.2078 ⋅ 10 −4
1000
4.2838 ⋅ 10 −4
3500
8.6206 ⋅ 10 −4
The values of parameters ε el , aσ , g1 , and g 2 at stresses applied in tests are shown as
symbols in Fig. 9. The fitting curves are shown as solid lines and the fitting equations
to be used in simulations are as follows:

ε el = 0.0347σ + 0.000343σ 2
σ ≤ 10 MPa
 2.15,
aσ = ®
σ
σ
0.161
+
0.54
,
> 10 MPa
¯
σ ≤ 10 MPa
 0.7822,
g1 = ®
0.7822
⋅
exp(-0.01(
σ
10))
σ > 10 MPa
¯
σ ≤ 10 MPa
1.4983,
g2 = ®
σ
σ > 10 MPa
1.4983
⋅
exp(0.151(
10)),
¯

(15)

(16)
(17)
(18)

8. Simulation examples and discussion

Using the developed material model the elastic modulus reduction was neglected.
Test at 0.5 MPaÂmin-1 constant stress rate was performed as a final validation on PLANF10 composite specimens and simulation was performed with the same loading
parameters. The stress was increased to level close to maximum stress reached in the
constant displacement rate tests reported in Section 3. Simulation results together with
experimental curves for four specimens are shown in Fig. 10. The good agreement in
the main stress region (<22 MPa) confirms that the developed material model is
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adequate for this material. However at very high stresses (>22 MPa) simulation curve
does not follow experimental results, because at stresses close to specimen failure
material follows different model. The material model could be improved with
additional sophisticated experiments and complex investigation at stresses close to
failure, but one may question the need of this investigation. Modeling of secondary
creep and failure stage is of secondary interest in this paper.
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Figure 10: Constant stress rate tensile experiemental tests and modeling curve.
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Figure 11: Simulation results for: a) creep tests, b) constant stress rate tensile test.
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Fig. 11a shows results of simulation of creep test at 16 MPa stress for 1 hour. The
nonlinear elastic part in the strain is the largest. The time dependent part of the VEstrain is slightly larger than the VP-strain. These results help to understand data
presented in Fig. 11b where the modeling results presented in Fig. 10 are presented
again, showing separately the elastic and the viscoelastic strains (elastic plus transient
part). Until approximately 15 MPa the curves are almost indistinguishable because at
this stress the VE- and VP-strains are very low even in 1h creep test. The time effects
become more important at higher stresses. In Fig.11b we have shown also the
expected linear elastic response based on low stress modulus. At the highest stress the
predicted total strain in Fig. 11b is about 30 % larger than the linear elastic which is
consistent with the degree of nonlinearity in tensile displacement controlled test
discussed in Section 3.
The developed model can not be directly applied to compare with loading curves in
displacement controlled tests reported in the beginning of this chapter or to simulate
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the stress-strain curves in any displacement controlled ramp. In order to do these
simulations the integral constitutive law (3) has to be rewritten in form where strain is
the input variable and stress is the outcome. This task which is relatively simple for
linear viscoelastic material is much more difficult for nonlinear material and the
inversion can be performed only after presenting the model in incremental form. The
algorithm for this procedure is developed. Simulation results will be reported in a
separate publication after implementation of this routine in numerical code.
9. Conclusions

The nonlinear stress-strain response in tension of Flax/PLA composite with 10%
weight fraction of fibers was analyzed experimentally. Material model was developed
assuming that possible sources of the observed behavior may be microdamage related
stiffness reduction, nonlinear viscoelasticity as well as plasticity.
Performing elastic modulus measurements after loading specimen to high stresses
revealed that elastic modulus is not degrading before the stress level equal to the
maximum in stress-strain curve is reached. Therefore, there is no need to include
damage effect in the material model
Sequences of high stress level creep and strain recovery tests showed that irreversible
strains develop with time. They were analyzed as viscoplastic and it was found that
their time and stress dependence can be described by Zapas and Crissman model [17].
Parameters in the model were identified to allow predictions of viscoplastic strain in
arbitrary loading ramps.
The viscoelastic composite behavior was analyzed after identified viscoplastic strain
was subtracted from creep curves. It was found that the nonlinearity is not very
strong. Nevertheless, there is no linear viscoelastic region at low stresses for this
composite: even if the viscoelastic creep compliances are almost stress independent,
the time dependence of strain in the creep interval is different than in the strain
recovery interval. As a consequence, there is no region where condition
g1 = g 2 = aσ = 1 for stress dependent parameters would be satisfied.
Simulation of constant stress rate tensile test was successfully compared with
experiment to validate the developed model. Decomposition of the total strain
response in constant stress rate test in linear elastic, nonlinear elastic, viscoelastic and
viscoplastic terms showed that the earlier observed nonlinearity in tensile test can be
quantitatively accounted for by nonlinear elastic, nonlinear viscoplastic and
viscoplastic strains, all three of them having approximately the same significance.
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Abstract

Lignin composite reinforced with 30% flax fibers at two relative humidity levels 34%
and 66% was used in this study. The nonlinearity was analyzed studying modulus
degradation as well as development of viscoelastic and viscoplastic strains. The
modulus reduction in lignin based composites in tension starts before the maximum in
stress-strain curve is reached and it can be as large as 50%. With increasing relative
humidity these effects are slightly magnified.
The time-dependent phenomena in tension were analyzed in short term creep and
strain recovery tests demonstrating significantly high viscoplastic strain in lignin
composites. Both, viscoelastic and viscoplastic strains are larger at higher relative
humidity.
1. Introduction

The lignin is one of the most common organic molecules found in nature, it accounts
for more than one quarter of the non-fossil organic carbon in various biomasses. This
material is obtained in vast quantities worldwide as by-product derivative in the pulp
and paper industrial processes and it is often used as fuel to power paper mills.
However, recently lignin has been considered for applications in composite materials
along with other well known bio-based polymers (e.g. polylactic acid,
polycaprolactone etc). When used in composites, in combination with reinforcement,
such as various types of fibers, these materials exhibit rather decent mechanical
properties. In order to maintain advantages of natural origin of the bio-based
polymers, it makes sense to use natural fibers as reinforcement to develop wholly biobased composites. Not only ecologically friendlier material is obtained in this way but
reinforcement with natural fibers such as wood or agrofibers gives acceptable
performance in terms of mechanical properties. The stiffness of some of the natural
fibers (e.g. bast fibers) in longitudinal direction is comparable to that of glass fibers
(for example flax fibers have stiffness 50-100 GPa vs 72 GPa for E-glass fibers) [1-4].
Undoubtedly there are direct benefits of use of natural fibers in composites, such as
light weight, reduced wear on the processing equipment and lower impact on the
environment. Nevertheless, there are also certain disadvantages of bio-based
materials, for example, their high sensitivity to moisture and temperature changes.
Common processing methods and products of natural fiber composites include
injection molding of packages, extrusion of beams for decking, and compression
molding of panels for automotive use.
Basic mechanical behavior of natural fiber composites (elastic modulus, strength,
strain to failure, impact resistance etc.) has been studied by numerous researchers, an
overview of some results can be found in [5-9]. Whereas inelastic and time-dependent
properties are not as often considered, some work is done on polypropylene and
starch reinforced with flax fibers [10-12], also pulp fiber/formaldehyde composite is
investigated [13-14]. These studies showed that in natural fiber composites the
mechanical properties of fibers and the matrix are inherently nonlinear and the
65

composite exhibits complex time dependent stress-strain behavior with loading rate
effects and hysteresis loops. The phenomena dominating mechanical behavior may
also include evolving microdamage (cracks, debonds etc) resulting in elastic
properties degradation and development of irreversible strains. Therefore, models for
these materials should account for viscoelasticy and viscoplasticity accompanied with
microdamage.
Generally speaking, the viscoelastic behavior may be nonlinear with respect to stress.
Moreover, the irreversible strains even in a simple high stress creep test depend on
loading time and the stress level.
In the present paper systematic investigation of mechanical behavior of flax fiber
reinforced lignin composite in tension is presented. The objective is to identify
material model for flax/lignin composite and to analyze the significance of
viscoelastic, viscoplastic and stiffness reduction effects on mechanical behavior.
Optimized set of experiments needed to determine the stress dependent functions in
the material model and reliable methodology for data reduction are proposed.
Detailed description of the stress-strain behavior of these materials in tensile tests
with constant displacement rate until failure can be found in [15]. Mechanical
properties obtained in [15] are presented in Table 1. Stress-strain curves are shown in
Fig. 1.
Table 1: Mechanical properties of composite Lignin FL30 for two
humidity (RH), 34% and 66%, from [15].
RH
E (GPa)
ε max (%)
σ max (MPa) ε fail (%)
(%)
34
6.54 (0.41) 0.40 (0.01) 22.1 (1.2)
0.8 (0.3)
66
5.99 (0.16) 0.41 (0.01) 20.3 (0.1)
1.3 (0.4)
( ) Standard deviations

values of relative

σ fail (MPa)
21.1 (1.5)
18.8 (0.3)

Notation σ max is used for the highest stress value in the loading curve, ε max is the
corresponding strain value. Subscript fail is used to denote values at specimen
rupture.
Lignin FL30
30
25

Stress (MPa)

RH=34%
20
RH=66%

15
10
5
0
0.0%

0.5%

1.0%

1.5%

2.0%

Strain (%)

Figure 1: Stress-strain curves for flax fiber reinforced lignin composite at two RH
levels.
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2. Materials and Experiments
2.1. Materials

Lignin was used in this study as matrix. Loose untreated 1mm long flax fibers
supplied by Ekotex Kotonia were used to reinforce the matrix. Weight fraction of
fibers in the composite was 30% which approximately correspond to 28% fiber
volume fraction. Composite was labeled as Lignin FL30.
2.2. Pelletizing, Compounding and Injection Molding
Samples were received from Tecnaro GmbH, Germany. According to supplier the
main processing steps are as described below.
The first step was mixing of the raw materials: matrix (lignin), fibers, processing aids,
flame retardants; the next step was direct pelletizing without heating to produce
granules. Granules were processed in an injection molding machine in order to
produce dog-bone specimens. The specimen thickness was about 3.8-3.9 mm, and
width in working zone 10.0-10.1 mm (length of working zone §70 mm). Total length
(including clamping parts) of specimen was 150 mm and grip separation distance 100
mm.
2.3. Experiments
2.3.1 Specimen conditioning
Specimens were kept in desiccators at fixed RH for 2-3 weeks before testing and their
weight was regularly measured in order to ensure saturation of moisture uptake. Two
RH values were used, 34% and 66%. Since during the testing the ambient
environment was different than during conditioning, special care was taken to
stabilize the moisture content in specimens during the test. Specimens were insulated
(wrapped in plastic) when necessary to prevent diffusion. In some cases humidifier
was used to achieve testing environment similar to that during conditioning.
2.3.2 Tensile creep tests
Tensile creep tests were performed using a creep rig with dead weights. In Fig. 2 the
picture on the top represents the load application sequence: creep load is applied in
steps and in step k + 1 stress is applied instantly at t k and kept constant for time
interval t k +1 − t k . The bottom part of picture (Fig. 2) shows creep strain during
loading interval and also strain recovery after load removal. The duration of strain
recovery interval was at least five times longer than the loading interval. Creep strains
(measured using extensometer) were recorded during the loading and also during the
following interval of strain recovery after load removal.
The irreversible strains at the end of the recovery period (if present) were analyzed as
viscoplastic (VP). Creep tests used for determination of time and load dependence of
VP-strains were in multiple steps over time intervals of 10, 20 and 30 min.
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Figure 2: Schematic showing of strain development during creep test and after load
¦k
removal, where ε VP
is the VP-strain developed during the first k loading steps and
c
is the VP-strain accumulated in the current k+1 step.
ε VP

Figure 3: Example of strain dependence on time during one cycle of the test.

2.3.3 Stiffness reduction measurements
After specimen has been subjected to high stress levels the elastic properties of
composite may be degraded. The elastic modulus dependence on the applied
maximum stress was measured to evaluate the significance of microdamage which is
possibly developing at high stresses. The loading ramp for one cycle is shown in Fig.
3. It consists of a sequence of steps each containing: a) loading/unloading in low
strain region, ε ∈ [0.05,0.20]% , for elastic modulus determination, duration of this
step is t1; b) recovery for a time >5t1; c) loading up to certain high strain level with
following unloading to almost zero stress, the duration of this step is t2; d) recovery at
almost zero stress level for decay of all viscoelastic effects during time >5t2. Then the
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same sequence a)-d) was repeated for a higher level of applied maximum strain in
step c).
In some cases large irreversible strains developed after application of high stress: after
unloading to zero stress and relatively large recovery period, considerable residual
strains still were present. Therefore, in the modulus determination step (following
unloading and recovery) it was not reasonable to use the strain region between 0.05
and 0.2%. Instead a corresponding stress region was used, which for each particular
specimen was defined in the first step of modulus measurement where irreversible
strains and damage were not present.
3. Nonlinear material model for damaged materials

Strain decomposition means assumption that the micro-damage influenced
viscoelastic strain response can be separated from viscoplastic response. Since both
may also be affected by damage, the total strain is written as a sum of two terms

ε (σ , t ) = d (σ max )ε VE (σ , t ) + d (σ max )ε VP (σ , t )

(1)

ε VE , ε VP in (1) are nonlinear viscoelastic (VE-strain) and VP-strain respectively.
Parameter d represents the effect of damage. This assumption may be incorrect at
high stresses where interaction of all possible mechanisms is expected.
The theory of nonlinear viscoelastic materials developed by Lou and Schapery, 1971
[16] and Schapery, 1997 [17] is used in this work. The constitutive equations in this
theory are obtained using expansion of the Gibb’s free energy in viscoelasticity
related internal state variables and using for them linear evolution laws with respect to
thermodynamic forces. For anisotropic materials subjected to general loading case the
resulting constitutive equations include many stress invariant dependent material
parameters/functions to be experimentally identified. All these stress dependent
functions are also affected by temperature and humidity, but in fixed environment
they can be considered as stress dependent only.
In this work all experimental data are obtained in uniaxial tensile loading measuring
the strain component in loading direction only. Therefore, in following we analyze
the model for one-dimensional case when only three stress invariant dependent
functions which characterize the nonlinearity are considered.
In (1) function d (σ max ) was incorporated to account for microdamage. Values of this
function do not depend on the current stress state. They depend on the “maximum”
(most damaging) stress state experienced during the previous service life when the
current damage state was introduced. In uniaxial loading it is the highest experienced
axial stress. By this we assume that any future loading to stress lower than previously
applied σ max will not change the damage state. Thus possible fatigue effects on
damage development are ignored in this formulation. Certainly the form of interaction
between d and VP-strain ε VP used in (1) is arguable and requires further analysis. It
is based on limited number of empirical observations [18] that this form fits the test
results better than a stand-alone term of ε VP . Actually this form states that larger VPstrains develop in damaged composite than in undamaged composite. To advocate
this form we remind that microdamage evolution without any viscoplasticity can
introduce irreversible strains (for example, the thermal stress release in layers of
laminates due to intralaminar cracking leads to elongation of the whole laminate
which is equivalent to occurrence of irreversible strain).
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The modified material model based on Schapery’s expressions for one-dimensional
case is
t
§
·
d ( g 2σ )
(2)
ε = d (σ max ) ⋅ ¨¨ ε 0 + g1 ³ ΔS (ψ − ψ ′)
dτ + ε VP (σ , t )¸¸
dτ
0
©
¹
In (2) ψ is “reduced time” introduced as,
t

ψ =³
0

dt ′
aσ

τ

and consequently ψ ′ = ³
0

dt ′
aσ

(3)

In (2) ε 0 represents elastic strain in undamaged composite which, generally speaking,
may be nonlinear function of stress. The time dependent part of the VE-response
(integral in (2)) is characterized by ΔS (ψ ) which is the transient component of the
linear viscoelastic creep compliance and according to the theory does not depend on
stress level. The parameters g1 and g 2 are stress dependent material properties and
aσ is the shift factor. These three functions in fixed environment depend on stress
only.
It was shown by Schapery, 1997, that the linear viscoelastic creep compliance has the
form of Prony series,
§
§ ψ ··
(4)
ΔS (ψ ) = ¦ Ci ¨¨1 − exp¨¨ − ¸¸ ¸¸
i
© τi ¹¹
©
In (4) Ci are constants and τ i are called retardation times.
For sufficiently small stresses linear viscoelastic region, where the VE-strains are
proportional to the stress level, may exist. In this region (if it can be found)
g1 = g 2 = aσ = 1 , and thus (2) turns into the strain-stress relationship for linear
viscoelastic, nonlinear viscoplastic materials. The physical meaning of the damage
related function d (σ max ) in (2) was revealed in [19] analyzing the elastic strain term.
Contrary to [19] where d was considered as a function of strain here we suggest to
consider it as a function of stress
E0
(5)
d (σ max ) =
E (σ max )
So damage function d (σ max ) is ratio of the initial elastic modulus versus the modulus
of specimen loaded to the stress σ max .
Irreversible VP-strains develop at high stresses and increase with the time of loading.
In Marklund et al., [18], Nordin and Varna [20] the development of viscoplastic
strains was successfully described by a functional presented by Zapas and Crissman
[21]. In this model VP-strain growth during loading with specified time dependence
of the applied stress is given by
m

M
 t t*
½
° § σ (τ ) ·
°
(6)
ε VP (σ , t ) = CVP ® ³ ¨ * ¸ dτ ¾
°̄ 0 © σ ¹
°¿
CVP , M and m are constants to be determined, t t * is normalized time where t * is

an arbitrary chosen characteristic time constant. In this study we use t * = 3600
seconds because the time interval of study was about one hour and σ * = 1 MPa
because stresses in (6) are always in units of MPa. Actually, expression (6) slightly
differs from the original form: t * and σ * have been introduced to have CVP
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dimensionless (if CVP is presented in % , the calculated VP-strain values in (6) will be
also in %).
In following sections the material model will be identified for composite at two
different relative humidity levels RH=34% and RH=66%.
4. Elastic modulus degradation at high loads

Several microdamage events may take place when fiber reinforced polymer is
subjected to high loads/strains, this leads to reduction of elastic modulus in the
loading direction as well as changes of other thermo-elastic properties. The most
typical microdamage phenomena are fiber/matrix debonds, fiber bundle debonding
from matrix, intrabundle cracks (cracks crossing bundles with the crack plane parallel
to fibers and normal to the loading direction), matrix cracks bridged by several
bundles and finally, fiber and/or bundle pull-outs, and fiber breaks. The particular
mechanisms depend on fiber dispersion and are more dramatic in case of clustered
microstructures. For better dispersed reinforcement the initial damage entities are
small (comparable with fiber diameter) and difficult to observe using optical
microscopy. One can see many tiny cracks but it is difficult to determine if they are
just surface phenomena or represent the damage state in the material. Only in-situ
observations under loading render reasonably reliable data but, due to the very broad
distribution of sizes and orientations, the direct quantification of such damage entities
is almost impossible.
An inverse method to evaluate the damage state is based on measurement of residual
elastic properties. The change of these properties can be correlated with models
describing the effect of different damage modes to estimate extend of each of them.
However, back-calculation of the damage state from the elastic properties change is
not unique due to different damage modes developing simultaneously.
Therefore, in following the elastic modulus reduction is used as an empirical
parameter to characterize overall damage without trying to relate it to specific damage
modes.
In this section we present measurement results of stiffness reduction with increasing
strain level using the methodology described in Section 2.3.3. The results in Fig. 4-5
are presented in form of elastic modulus after loading to certain strain/stress level
normalized with respect to initial modulus (in undamaged state) for the particular
specimen.
According to Fig. 4 at RH=66% the modulus reduction starts earlier, at lower strain,
than at RH=34% but the extent of final modulus reduction is similar in both cases:
modulus decrease at 0.95% of applied strain for RH=34% is approximately 45% and
for RH=66% modulus decrease is slightly larger ~50%.
The elastic modulus reduction presented in Fig. 4 as a function of strain is rather
difficult to interpret due to the complex nature of the strain: in addition to the elastic
strain an evolving viscoplastic part is also included in the measured values. Therefore,
it may be more representative to show the elastic modulus reduction versus the stress
level, as shown in Fig. 5. This representation is also required for the model described
in Section 4.
The elastic modulus of the Lignin FL30 composite was reduced by 15-20% before
reaching σ max . This is different than in Flax/PLA composites studied in [22] where
elastic modulus reduction was observed only after reaching σ max . This means that
considering the elastic response only, at ε max the σ max is reduced by 20% due to
71

damage. From here we conclude that for lignin composite the modulus reduction
effect in the material model is very significant and can not be neglected.
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Figure 4: Elastic modulus degradation for Lignin FL30 composite as a function of
the applied maximum strain for a) RH=34%, b) RH=66%.
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Figure 5: Elastic modulus degradation for Lignin FL30 composite as a function of the
applied maximum stress for a) RH=34%, b) RH=66%.

The damage function for Lignin FL30 composite was obtained using expression (5).
The elastic modulus reduction with stress in this material at the used RH values given
in Fig.5 was fit with following functions.

σ ≤ 20 MPa
E (σ )  1,
=®
3
E0
¯1 - 0.01(σ - 20 ) , σ > 20 MPa
1,
σ ≤ 17 MPa

(
)
Eσ
=®
3
E0
¯ 1 - 0.0045(σ - 17 ) , σ > 17 MPa

at RH=34%

(7)

at RH=66%

(8)

These fitting functions have no meaning for higher stresses where the expressions
lead to negative values and they do not reflect possible inelastic effects on damage
development.
5. Viscoplastic model identification
5.1. Viscoplastic strains in creep test

Typical creep test performed in this study consists of loading part called “creep” in
Fig. 2 and the strain “recovery” after unloading. After the unloading viscoelastic
strains decay and remaining after the long period of recovery strain is VP-strain which
has developed during loading. The phenomenon of viscoplastic strain accumulation
was observed also in elastic modulus reduction tests which consist of several steps of
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loading and unloading to progressively higher strain levels, see Fig. 3. In order to
understand and quantify the VP-process, certain tests have to be designed or
identified. It is not known a priori that the composites under study comply with the
law given by (6). In order to verify it, we will compare the VP-strain developed in
creep test at σ 0 as a function of the creep time Δt1 with expected behavior in this test
according to model (6). When σ = σ 0 the integration in (6) is trivial and the VP-strain
dependence on the duration of the creep test Δt1 obeys the following power function
Mm

m

§ σ 0 · § Δt1 ·
(9)
¸ ¨ * ¸
*
©σ ¹ © t ¹
Thus, if the model (6) is applicable, the time dependence of VP-strains in constant
stress creep test should follow a power function with respect to time as predicted by
(9)
m
§ Δt ·
(10)
ε VP (t1 ) = A¨ *1 ¸
© t ¹
where A has power law dependence on the applied stress level in the creep test

ε VP (t1 ) = CVP ¨

Mm

§σ ·
A = CVP ¨ * ¸
(11)
©σ ¹
From the form of the integral (6) follows that during strain recovery at zero stress VPstrains are not changing. Therefore, the most convenient way to determine VP-strains
is by measuring the irreversible strains after viscoelastic strain recovery. Each creep
and strain recovery test represents one data point: VP-strain in creep test at stress σ 0
after creep time Δt1 . Then the stress σ 0 can be applied again for a different time
interval Δt 2 . The measured new irreversible strain (VP-strain) added with the
previous VP-strain is equal to VP-strain that would develop in one creep test of length
Δt1 + Δt 2 . Repeating for the same specimen this creep loading and strain recovery
sequence several times the VP-strain as function of time for this stress level is
obtained. The described sequence of creep tests is visualized in Fig. 3. The starting
point and the end point of the (k+1) creep test are denoted t k and t k +1 , the duration of
this creep test Δt k +1 = t k +1 − t k , the VP-strain accumulated in k different creep tests
k
before the (k+1) test is denoted ε ¦ and the additional viscoplastisc strain developed
VP

c
during the current (k+1) test is denoted ε VP
.
The constant m in (10) is determined as the best fit by power function to test data
described above. According to the model (6), the exponent m has to be independent
on the stress level used in creep test. In order to quantify the dependence of A on
stress level, the described sequence of creep tests has to be performed at several high
stress levels and for each level A is obtained by fitting. In other words, to validate the
VP model we have to show that: a) the VP-strains follow power law with respect to
time; b) the same exponent m can be used for all stress levels; c) the A dependence
on σ 0 also follows power law as predicted by (11) and parameters CVP and M can be
obtained from fitting. In this way we show experimentally that the viscoplastic law
(6) is applicable at least for creep tests. More complex loading ramps may be used for
experimental validation and further model adjustment.
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Since the whole time dependence for a given stress level can be obtained using one
specimen, only a few representative specimens are necessary to cover different stress
levels.
Usually the VP-strain rate in creep test decreases with time. Therefore, the length of
the creep loading time Δt k in each following test can be increased (proportionally
increasing also the strain recovery time). The time scale depends on the time region to
be covered. Creep tests of length Δt1 =10, Δt 2 =20 and Δt 3 =30 min were performed in
this study.

5.2. Experimental results
Strain development in a sequence of creep and recovery tests at two different RH
levels are shown in Fig. 6. Composite at RH=34% was tested at 5 different stress
levels. VP-strains at RH=34% are very low at 12 MPa and they are drastically
increasing at 14 MPa and higher stresses. For lignin composite conditioned and tested
at RH=66% the VP-strain data are limited to 14 MPa due to specimen creep failure
and they are noticeable larger than at RH=34% at the same stress levels.
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Figure 6: Strains in the sequence of creep and strain recovery at a) RH=34%, b)
RH=66%.
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Figure 7: Time dependent development of viscoplastic strains in creep tests in
Lignin FL30 composite at a) RH=34% b) RH=66%. Symbols represent data points,
solid lines represent model.
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Figure 8: Stress dependence of A , see Eq (11), for a) RH=34% and RH=66%.
Symbols represent data points, solid lines represent model.

As explained in Section 5.1 the irreversible strain after each strain recovery is the VPstrain accumulated during the total duration of all previous creep steps. These data
render the VP-strain dependence on time at different stress levels shown as different
symbols in Fig. 7.
Parameters in the VP-law (6) ( m, M and CVP ) were obtained in two steps:
1) m and A(σ ) obtained fitting (10) to data for all stresses from Fig. 7 in log-log
axes. The result of fitting is presented as solid lines in Fig. 7 and the A values are
shown as symbols in Fig. 8.
2) The A dependence on σ presented in Fig.8 is fitted by (11) to find CVP and Mm .
The obtained constants in the viscoplastic law (9) are given in Table 2. The maximum
stress in tensile tests at RH=66% was about 20 MPa, but in creep at stresses higher
than 14 MPa this composite failed after a couple of minutes. Therefore the VP-strain
dependence on stress shown in Fig. 8 and described with parameters presented in
Table 2 is rather uncertain.
Table 2: Viscoplastic parameters for Lignin-FL30 composite
m
Humidity (%)
M
CVP (%)

34
66

0.6
0.4

22.81
20.77

4.335 ⋅ 10 -18
2.66 ⋅ 10 −11

Using these parameters VP-strains (in %) will be calculated. For each particular stress
level separately the fit to experimental data in Fig. 7 is not perfect. However, it was
the best fit obtained with stress independent values m = 0.6 and m = 0.4 as required
by the model. The power functions fit to stress dependence at RH=34% in Fig. 7a) is
good, but at RH=66% in Fig. 7b) it is acceptable at best, because the number of stress
levels was limited and also the scatter between individual specimens is large and
extrapolation for stress above the tested level is uncertain. Creep tests at stresses
higher than presented were not possible due to early creep rupture of specimens in all
attempts. Alternatively, further adjustment of the model (or validation) for extremely
high stresses can be performed in short time high stress loading-unloading tests with
constant stress rate. The model (6) for this test predicts simple time and stress
dependence of VP-strains.
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6. Characterization of nonlinear viscoelasticity
6.1. Viscoelasticity in creep and strain recovery test

Creep strain curves like the ones presented in Fig. 6 contain viscoelastic as well as
viscoplastic strains. Generally speaking damage is also present and the damage
function d (σ max ) influences strains. However, experiments in Section 4 showed that
for this particular composite the elastic modulus degradation is negligible until
σ = 20MPa at RH=34% and σ = 17 MPa at RH=66% is reached. Since creep tests
were performed at 16 MPa and lower, we assume that damage was not affecting the
viscoelastic and viscoplastic strains in creep tests and thus in this section d (σ ) = 1 .
In a creep test the stress is applied at t = 0 and is kept constant until time instant t1 .
Then the stress is suddenly removed and the strain recovery period begins. The
loading dependence on time can be written as σ = σ [H (t ) − H (t − t1 )] where H (t ) is
the Heaviside step function.
The material model (2) may therefore be applied separately to the creep interval
t ∈ [0, t1 ] and to the strain recovery interval t > t1 . The following expressions were
obtained in [12,18,23] for creep strain ε creep and recovery strain ε rec respectively:

t · ·¸
¸¸ + ε VP (σ , t )
(12)
¸
a
i
© στ i ¹¹
©
§
§ t − t1 ·
§
t ··
¸¸ + ε VP (σ , t1 )
ε rec = g 2σ ¦ C i ¨¨1 − exp¨¨ − 1 ¸¸ ¸¸ exp¨¨ −
(13)
i
a
τ
© τi ¹
© σ i ¹¹
©
Expressions (12) and (13) have to be used to fit the experimental creep and strain
recovery data. Constants Ci i=1,….I, (stress independent) and ε 0 (σ ) , aσ (σ ) , g1 (σ )
and g 2 (σ ) have to be obtained by fitting creep and strain recovery data at different
levels of stress. The retardation times τ i in Prony series are chosen arbitrary, but the
largest τ i should be about a decade larger than the duration of the conducted creep
test. A good approximation to experimental data may be achieved if the retardation
times are spread more or less uniformly over the logarithmic time scale, typically with
a factor of ten between them. Optimization of the τ i selection can be made by
comparing the accuracy of the obtained fit for different selections using least square
method as described below. Even if Ci > 0 is not a necessary condition, this
additional requirement was used to simplify fitting of test results.
The stress and time dependent VP-strain enters (12) and (13). The viscoplastic strain
constituent has to be subtracted from the total measured strain to analyze purely
nonlinear viscoelastic response. In strain expression for the recovery interval (13) we
need only the VP-strain value developed at the end of the current creep test, ε VP (σ , t1 )
and it comes directly from the test. However, in (12) we need to subtract VP-strain in
any instant of time during the particular creep test. In a general case the specimen
could be subjected to a sequence of k different creep tests before the current k + 1 test.
Expression for growth of viscoplastic strain with time during the current k + 1 creep
step was derived in [19]

§

§

ε creep = ε 0 + g1 g 2σ ¦ C i ¨¨1 − exp¨¨ −


¯

1

1

1

«¬
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m

t − tk ½
Σ (k )
− ε VP
»¼ tk +1 − tk ¾¿

k +1
(t ) = ®(εVPΣ (k ) ) m + ª(εVPc + εVPΣ (k ) ) m − (εVPΣ(k ) ) m º
ε VP

t ∈ [t k , t k +1 ]

(14)

This form of VP-strain development has a very significant advantage: the required
information comes from test on this particular specimen: a) the sum of viscoplastic
c
¦ (k )
strain during previous loading steps, ε VP
; b) the “new” viscoplastic strain ε VP
developed in the current creep test. In addition, m comes from time dependence of
viscoplastic strains described in Section 5. If the current test is the first creep test for
the specimen (we use specimen that has never been subjected to any load before)
Σ (0 )
ε VP
= 0 , t 0 = 0 and (14) turns into
m

§t·
(15)
© t1 ¹
In expression (15) the theoretical dependence of VP-strain on stress is not utilized.
Instead the experimental value of the VP-strain at the end of the test is employed.
This treatment is more “individual” and instead of subtracting some “average VPstrain” the VP-strain for the particular specimen is subtracted. Using these
expressions we are able to analyze specimens that have been tested in several high
stress creep tests at different stress levels.
The coefficients Ci , τ i , aσ , g1 , g 2 and also the elastic term ε 0 are obtained as
follows:
1. Creep and strain recovery data in low stress region (with expected linear response
and assuming g1 = g 2 = aσ = 1 ) are used to determine Ci by fitting
simultaneously the viscoelastic creep and strain recovery data (method of least
squares (LSQ)) using expressions (12) and (13).
2. Data for each stress level (in expected nonlinear viscoelastic region as well as in
the assumed “linear region”) are fitted by (12) and (13) using previously obtained
C i , τ i and using ε 0 (σ ) , aσ (σ ) , g1 (σ ) and g 2 (σ ) as fitting parameters. The
routine was the following: i) the initial value of aσ was chosen and then increased
with a selected step; ii) for each value of aσ the method of LSQ was employed to
find the best g1 , g 2 and ε 0 ; iii) For each set of aσ , g1 , g 2 and ε 0 the misfit
function (sum of squares of deviations with test data, creep and recovery) was
calculated; iv) the set of aσ , g1 , g 2 that gives the minimum of the misfit function
was considered as the best.
3. The procedure described in point 2 was repeated for all available stress levels to
obtain the stress dependence of aσ , g1 , g 2 and ε 0 .
1
(t ) = εVPc ¨¨ ¸¸
ε VP

6.2. Results: viscoelastic response and model parameters
Since creep and strain recovery tests have to be performed at different stress levels
and time intervals, the testing is very time consuming and the number of used
specimens has to be limited. It is therefore crucial that the specimen is representative
for the analyzed material. The specimens were singled out on the basis that their
elastic properties were close to the average values in a larger group. Data for each
specimen in the nonlinear viscoelastic analysis were analyzed separately, which is a
preferable strategy since the data reduction procedure may show some artificial trends
when average creep curves are used.
Viscoplastic strains where subtracted from the measured creep strain as described in
section 6.1. The remaining pure viscoelastic strain development with time in creep
tests is shown in Fig. 9. Viscoelastic compliance at both relative humidity levels are
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presented in Fig. 10. The viscoelastic compliance becomes very strongly dependent
on stress after 15 MPa in RH=34% composite and after 10 MPa in RH=66%
composite.
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Figure 9: Viscoelastic strain after VP-strain subtraction for Lignin FL30 composite at
a) RH=34%, b) RH=66%.
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Figure 10: Viscoelastic compliance at several stress levels for Lignin FL30 composite
at a) RH=34%, b) RH=66%.
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RH=34%, b) RH=66%.
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in Creep tests for Lignin FL30 composite at a)

The parameters in the nolinear viscoelastic model are shown in Fig. 11-14. It is
noteworthy that the elastic response at low stresses does not depend on the RH (or
resulting moisture content). The coefficients in Prony series are given in Table 3. It
can be noticed that for lignin composites at RH=34% the g1 dependence on stress in
Fig. 13a) is entirely different than at RH=66%. For flax reinforced PLA composite
studied in [22] this parameter was slightly decreasing with strain whereas for the
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lignin composite at RH=34% there is a strong increase. Remarkably that this
dependence for lignin composite at RH=66%, see Fig. 13b), is different: it is similar
to behavior of PLA composites. It has to be reminded that in this study constrains
were not used to enforce trends in the stress dependences of coefficients. All
constants are result of numerical fit using method of least squares. Due to lack of
deeper understanding of the nature of these parameters, at present we can not explain
this result or to confirm its validity.
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as a function of applied stress for Lignin FL30 at a)
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Figure 13: Parameter g1 as a function of applied stress for Lignin FL30 composite at
a) RH=34%, b) RH=66%.
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Figure 14: Parameter g 2 as a function of applied stress for Lignin FL30 composite at
a) RH=34%, b) RH=66%.
Stress (MPa)
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For this composite the values of stress dependent functions at low stresses were
almost constant and close to one. As a consequence, it was assumed that there is a
linear region with condition
Table 3: Parameters in Prony series for Lignin FL30 composite
RH=34%
RH=66%
τ i (sec)
C i (%/MPa)
τ i (sec) C i (%/MPa)
20
30
4.6694 ⋅ 10 −4
7.6547 ⋅ 10 −4
−
4
90
700
5.3026 ⋅ 10
9.4943 ⋅ 10 −4
500
3500
4.4741 ⋅ 10 −4
1.6432 ⋅ 10 −3
−4
2000
1.0727 ⋅ 10

The stress dependent parameters in the nonlinear viscoelastic model were described
by following functions shown as solid lines in Fig. 11-14.
For composite conditioned and tested at RH=34%:

ε el = 0.0113σ + 0.000424σ 2
σ ≤ 14 MPa
 1,
aσ = ®
0.2793
σ
2.9102
,
σ > 14 MPa
¯
σ ≤ 14 MPa
 1,
g1 = ®
(
)
−
exp(0.3855
14
)
σ
σ > 14 MPa
¯
1
σ
≤ 14 MPa

g2 = ®
¯ exp(0.4605(σ - 14 )) σ > 14 MPa

(16)
(17)
(18)
(19)

For composite conditioned and tested at RH=66%:

ε el = 0.011287σ + 0.000735σ 2
σ ≤ 10 MPa
1,
aσ = ®
0.395
σ
2.95
,
σ
> 10 MPa
¯
σ ≤ 10 MPa
1,
g1 = ®
σ
σ > 10 MPa
exp(-0.089
(
10))
¯
1
σ ≤ 10 MPa

g2 = ®
¯exp(0.2342(σ - 10)) σ > 10 MPa

(20)
(21)
(22)
(23)

7. Simulation examples and discussion

The elastic modulus reduction versus stress given by (7) and (8) was included in the
damage function used in the material model. The developed material models were
used to simulate the composite strain response in stress controlled test with low stress
rate. The stress was increased with a constant stress rate to level close to the reached
maximum stress in the constant displacement rate tests reported in Table 1.
Simulations were performed using the incremental form of the model. Simulation
results are shown in Fig. 15. For composite conditioned and tested at RH=34% until
15 MPa the largest part of strain is elastic strain, but after 15 MPa the VE part
dramatically increases. VP- strain is relatively small compared to transient VE-strain.
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In contrast for composite at RH=66% the VP-strain after 15 MPa rapidly increases
and is relatively larger than the transient part of the VE-strain. Unfortunately due to
early creep rapture the experimental VP study in RH=66% case led to insufficient
data and the accuracy of the VP parameters is questionable and may influence the
above conclusions. For example, overestimation of viscoplasticity during data
reduction would lead to underestimation of the viscoelastic strain. In both cases the
time effects become more important at higher stresses. The total strain at RH=34%
grows faster with stress than at RH=66%.
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Figure 15: Simulation results for constant stress tensile test for composite at
a)RH=34%, b) RH=66%.
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Figure 16: Simulation results for creep tests at 16 MPa for composite at a)RH=34%,
b) RH=66%.
Time (s)

Fig. 16 shows results of simulation of creep test at 16 MPa stress for 1 hour. The VEstrain for the composite at both RH levels is similar, but elastic part for composite at
RH=66% is approximately 28% higher than for composite tested at RH=34%.
It has to be noted that 16 MPa is a very high stress for RH=66% and in a real test
most probably creep rupture would take place soon after load application.
Validation of the model was done by simulating the loading curve in constant strain
rate test. This was done by using a similar procedure as described in [24] for linear
viscoelastic material: the nonlinear relationship between stress increment and strain
increment corresponding to small time increment is written. It is inverted numerically
to express stress increment as a function of strain increment. This form was used to
simulate tensile test with strain rate 5-6 %/min. Results are compared with
experimental curves in Fig.17.
Experimental curves are presented for two extreme specimens from tested sample –
with the highest and with the lowest stress-strain curve. As expected, agreement
between the experimental and simulated curves until 10 MPa stress is excellent
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showing that there is more variation between specimens in time dependent behavior at
high stress. The slope of the predicted nonlinear elastic response is lower than
experimentally indicating that in the model the nonlinearity of the elastic strain can be
overestimated. In the highly nonlinear region the simulated curve lies between both
experimental curves rather accurately reflecting the plateau region. Nevertheless, the
experimentally observed maximum was not predicted. We explain it by the limited
accuracy of the damage function given by (7): it assumes that the damage function
depends on the maximum reached load during loading history and does not increases
if the stress in following loading is lower than the maxiumum. This is contrary to data
in Fig.5 indicating that damage, as soon as initiated, may grow even at slightly lower
stress. Including this in the model requires further experimental studies and is not
possible in this paper. If included, the simulation may give local maximum in the
curve.
Stress-strain curves
30

Stress (MPa)

25
20
15
10
experimental curves
modeling curve

5

elastic response

0
0

0.2

0.4

0.6

0.8

1

1.2

Strain (%)

Figure 17: Simulated and experimental stress-strain curves for composite at
RH=34%. Strain rate 5-6%/min.
8. Conclusions

The nonlinear stress-strain response in tension of flax/lignin composite with 30%
weight fraction of fibers was analyzed experimentally. Material model was developed
assuming that possible sources of the observed behavior may be microdamage related
stiffness reduction, nonlinear viscoelasticity as well as viscoplasticity.
Tensile tests showed that elastic modulus is not degrading if the stress level is lower
than 20 MPa for composite at RH=34% and 17 MPa for composite at RH=66%.
Significant modulus reduction of 19% is achieved at 20 MPa for RH=66% and at 22.5
MPa for RH=34%. If loading is continued the reduction continues at lower stress than
the previously reached maximum.
Sequences of high stress level creep and strain recovery tests showed that irreversible
strains develop with time. They were analyzed as viscoplastic and it was found that
their time and stress dependence can be described by Zapas and Crissman model [21].
Parameters in the model were identified to allow predictions of viscoplastic strain in
arbitrary loading ramps.
The viscoelastic composite behavior was analyzed after identified viscoplastic strain
was subtracted from creep curves. The developed model was used to simulate the
composite behavior in stress controlled tests, analyzing the significance of the sources
of inelasticity. The model was rewritten in an incremental form where stress is a
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function of strain to simulate strain controlled tests. The simulated stress-strain curves
in tensile test showed satisfying agreement with experimental data.
9. 
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