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Abstract: Polypropylene (PP) is commonly used in the polymer processing industry. Its feature is a
good chemical resistance, it is non-toxic and not harmful to people. Polypropylene is widely used
in the manufacturing of food packages, laboratory and medical equipment, electric cables
insulators, automotive parts, toys and furniture. The application of this material enables us to
obtain complicated shapes of big surfaces. It is also highly recyclable. Polylactide (PLA) is a
product of the so called “green chemistry” because it is obtained from the renewable raw materials
(biomass). As its price is higher compared to the traditional polymers, its repeated use (recycling) is
of high interest. Due to the same reason (cost) the mixtures of PLA with other polymers are applied.
In this paper the results of testing the PP/PLA mixtures of various mass ratio of the components are
presented. Technical terms of preparing and processing such mixtures have been practically tested.
Also the mechanical strength was determined based on the static tensile tests. The results showed
that those mixtures can be repeatedly processed. Even five-times reprocessing does not cause
essential drop of mechanical properties
Keywords: polylactide, polypropylene, polymer mixtures, mechanical strength, recycling

1. Introduction
Developing new polymers is more and more difficult and expensive. That is why mixtures
are an alternative group of new materials of unique properties. The trend is to obtain a new material
of the desired mechanical properties and general good quality by inexpensive methods.
Compositions of polymers are obtained which theoretically do not create a stable mixture
(components are mutually unmissable) [1, 2]. The ratio of the components is selected in such a way
that a standard processing would be possible. The physical mixing of polymers is done which results
in obtaining a material in which one of the polymers is a matrix and the other is a filler [3].
Physical modification means changing polymer structure caused by imposed orientation,
mixing the polymer (matrix) with the additives, changing the dispersion degree of the phases
constituting the material and changing the form and the size of the interphase zone. Physical
modification means also changing the molecular interaction between the phases as a result of
adding the mixing compatibilizers which have an influence on the matrix microstructure and are
often active in the chemical reaction with the other components of the mixture. That is why it is often
difficult to recognize which modification is physical and which is chemical as the chemical one often
incorporates block, statistical and graft copolymerization as well as changing the molecular weight,
macromolecular structure, crosslinking etc. [4, 5].
Polymer mixtures can be subdivided into physical mixtures graft and block copolymers and
the systems of mutually penetrating crosslinked structures. The common feature of all polymer
mixture is presence of the polymeric matrix in which all the other components are dispersed. The
properties of polymer mixture depend on its content, the way it was prepared and the components
interactions. All these factors are decisive in terms of the structure of the obtained mixture.
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Depending on the dispersion degree of the components and on their physical/chemical properties
the solutions or the colloid systems can be obtained. The reasons of the non-homogenous properties
of the polymer mixture can be the thermodynamic non-miscibility or a substantial difference of the
components viscosity which blocks building a homogenous structure even in case of the
thermodynamic miscibility [6, 7].
The thermodynamic measure of polymer miscibility is the decrease of the free energy of the
system at its constant volume (F<0) or the decrease of its free enthalpy (Gm>0) at the constant
pressure. It is the necessary condition, however the additional, following condition must be fulfilled
as well (1):
((d2Gm)/(dx2))p, T >0
............
(1)
where: x is the volumetric ratio of the component of the mixture.
The change of the free enthalpy of the system is determined by the change of the enthalpy Hm
and the entropy Sm according to the equation (2):

Gm = Hm - TSm

(2)

The so defined change of the entropy being the result of the component dispersion in the
polymeric matrix has positive values. It would favor forming the solution but in the ambient
temperature the influence of the entropy is minimal. Enthalpy is much more meaningful for the
miscibility of polymeric systems. Its change is dependent on the interaction of the mixture
components. If in the mixing process heat is generated, it means that such components are miscible
in the full range of concentrations. For most polymers, however, the thermal effect of mixing is
negative or close to zero [7, 8, 9] .
The mixing enthalpy is determined as the relation of interaction energy of two different
components A and B to the interaction energy between the macromolecules of the same polymers. In
the literature the most frequent factors characterizing macromolecular interaction are the
Hildebrand parameters of solubility  or the Flory-Huggins coefficient defined as (χAB) (3):
𝐻𝑚=𝑉𝑚(𝛿𝐴−𝛿𝐵)2𝜓𝐴𝜓𝐵

or

Δ𝐻𝑚=𝑅𝑇𝜓𝐴𝜓𝐵𝜒𝐴𝐵

(3)

where: Vm- volume of the mixture, A, B - solubility parameters of the components calculated
as the square root of the cohesion energy density, volumetric contributions of the components,
parameter characterizing the interactions of the components which can be defined as (4):
𝜒𝐴𝐵=(𝑉𝑟/𝑅𝑇)*(𝛿𝐴−𝛿𝐵)2

(4)

To fulfill the thermodynamic condition of miscibility, the critical parameters of the mixture
are defined. Exceeding theses parameters always leads to the phases separation. A critical
interaction parameter is also directly connected with the critical temperature which cannot be
exceeded if a homogenous mixture is to be obtained. It can be said that the total miscibility occurs
when β =(δ1-δ2) 2 <= 0,7 – 1 MJ/m, partial miscibility – when:β = 1-3 MJ/m2 and for β>= 3 MJ/m2. we
speak of no spontaneous miscibility [7].
The stability of the dispersion of the components in the polymeric matrix (no matter if they
are miscible or not ) can be explained by the increase of the system entropy which depends on
diffusion rate of the components. In polymers, due to high viscosity, diffusion progresses rather
slowly.
Most polymers are thermodynamically non--miscible. That is why after a mechanical mixing
the microhetherogenic systems are formed which means that in the matrix (continuous medium)
another phase in the form of tiny particles (domains) is dispersed. The dimensions and the shapes of
the domains are not stable. In the molten state if there are no shear stresses, the domains tend to
separate from the matrix. Such phenomenon occurs in the polymer processing when the material is
cooled. Thus the non-miscible polymeric systems are very strongly influenced by the following
processing cycles. In order to obtain a good polymeric material care should be taken not only for a
good dispersion of one of the components in the other one but also for a good stability of the
dispersion degree.
One of the methods to stabilize the phase structure is the improvement of the molecular
interaction which can be obtained by:
- preparing polymer compositions from interphase active micromolecular components,
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- adding extra polymeric additive impeding the mass exchange in the molten system,
- creating chemical interphase links in the technological process,
- creating mutually penetrating crosslinked structures [7, 9].
Di- and triblock copolymers have found application as the compatibilizers where every block
has a good miscibility with the other component of the system. This leads to the increase of the
mutual penetration of the two phases which become a component of the stable intermediate phase.
Another method of obtaining the compatibilizers is the partial grafting of one component on the
other which often takes place during mixing (in-situ). Chemical exchange reaction between the
macromolecules of various polymers being the components of the mixture can lead to obtaining
statistical multiblock copolymers. A kind of this modification is a partial reaction between the
endings of different macromolecules (the so called endlinking). An example of stabilizing the phase
structure as a result of molecular interaction are the block copolymers [9-14].
As a result of chemical links between the copolymer segments and microphases produced from
them , polymer systems of high stability in the repeated processing cycles are formed. The degree of
phase separation and the domain size depends first of all on the kind, length and the contribution of
the individual segments in the copolymer and is little dependent on the technological conditions of
cooling or melting. In this work two materials were selected for preparing a physical mixture:
polylactide (PLA) and polypropylene (PP). The purpose was the attempt to make the mixtures of
such proportions of the components that either PLA or PP was the matrix. A particular case was the
mixture of the 50/50 PLA/PP proportions. The next important task was the effect of multiple
processing on the strength of the obtained material [10-16].
Further physical modification leads to the change of the mixture’s structure, molecular
interaction and dispersion degree [3, 4]. The properties of such composition would depend on the
content of the components, the way of its preparation and mutual interaction of the components [5,
6]. As was mentioned above, in the present paper two polymeric components were selected for
preparing the mixture: polylactide and polypropylene.
Polylactide is an entirely biodegradable thermoplastic linear polyester. It can be processed
using typical technologies: injection, extrusion, thermoforming or extrusion blow molding [16,20]. It
is produced by means of polycondensation of lactide acid or cyclic lactides. Lactide acid is an
intermediate product which is in turn obtained in the bacterial fermentation of starch derived
usually from corn or in the course of milk processing [10-23]. PLA is used in the packaging industry,
medicine and agriculture [10-18]. It can be recycled and processed many times [21]. It is often called
“double green” because it is both biodegradable and obtained from the renewable raw materials,
thus it is considered as the polymer of XXI century. Its contribution to all known biodegradable
polymers is about 40%.
The properties of this polymer are similar to the ones of polystyrene as it is rigid, its glass
transition temperature is 57°C and the flow temperature is 170-180°C. It has a good transparency
and shine. It exhibits good strength properties and low elongation at break (3-4%) in a tensile test. Its
disadvantage is easy water sorption which makes drying before processing necessary.
[14, 19]. Another disadvantage is its rather high density (1.25 g/cm 3) compared to PP and PS. High
polarity of PLA does not let for a good adhesion to non-polar polymers (PE, PP) in multilayer
structures. Also its thermal resistance and oxygen barrier are worse in compared with PET. In the
optimized condition of compostability the bottles of PLA are decomposed within 75-80 days [15-16].
Figure 1 presents the chemical formula of polylactide.

Figure. 1. Chemical formula of polylactide .
This material exhibits good ability of resorption, thanks to which it is used in many fields,
among others in packaging industry and medicine. For many years it has been the object of thorough
research and its popularity is constantly growing. It is very often compared to PET in terms of
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mechanical strength, flexibility and barrier properties. Primarily the application of PLA was limited
to the biomedical area due to high cost and rather small molecular weight. Nowadays it is possible
to manufacture PLA of high molecular weight, good mechanical, thermal and processing properties
in an economic way. PLA is used in many branches of the industry, among others for manufacturing
double oriented films, paper lamination, thermoformable films, injection and producing weldable
layer in multilayer systems. The products of PLA are used as containers, packaging films and
gardening films , disposable products, bottles, fibers, fabrics and elements of household utilities.
They are also used in medicine as bioresorboval implants and threads, clamps, clips, surgery masks,
dressings, compresses, medical staff clothes, pharmacy products and the personal hygienic products.
PLA is an aliphatic polyester, which has good chemical and physical properties. It is rigid and brittle
very much alike polystyrene and it is easy to manufacture items by means of typical processing
technologies. The disadvantages of PLA are: high humidity absorption in the granulated form, poor
barrier properties (especially in case of packaging )for O2 and CO2, the possibility of partial
degradation during processing, disadvantageous properties in the molten state and low molecular
weight. Due to high polarity, a good adhesion to non-polar polymers like PE and PP is not possible.
It can be, however, many times processed and nowadays its contribution to all biodegradable
polymers is approximately 40% [23].
The second material used for preparing the mixture was polypropylene, the polymer belonging
to polyolefin group. It is obtained in a low-pressure polymerization of propylene.
Polypropylene as well as polyethylene is the most frequently used polymer. It can be processed
with all technologies and finds an application in almost every area of household and engineering. Its
properties are well known.
Polypropylene is a hydrocarbon thermoplastic polymer which means that at high temperature
it becomes very flexible and after cooling it retrieves its primary rigidity. This polymer is obtained
from propylene polymerization with the presence of metallographic catalyzers. The reaction takes
place at the temperature 100OC in the environment of liquid aliphatic hydrocarbons. Depending on
the kind of the catalyzer and on the polymerization condition, the following polymers of various
spatial structures can be obtained (fig. 2) [14, 22-26]:
- isotactic polypropylene which has the best mechanical properties and the highest thermal
resistance of all kinds of polypropylenes due to the orderly spatial structure and high
crystallinity.
- atactic polypropylene of non-orderly spatial structure, possessing the properties similar to
those of non-vulcanized rubber,
- syndiotactic polypropylene which exhibits the intermediate properties between the isotactic
and atactic ones.

Figure 2. Polypropylene structure.
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Polypropylene is one of the lightest polymers; its density is about 0.92 g/cm3. In natural state
this material is semi-transparent and odorless. Mechanical and thermal properties improve when
the degree of crystallinity increases. Impact strength is high and only the notch on the specimens
lowers it substantially. In order to improve the mechanical properties and the thermal resistance,
some fillers like glass fiber, talc, chalk at the amount of 10-40% are introduced [12].
The chemical resistance of polypropylene is very high. At the room temperature it is practically
resistant to acids, lyes , salts and organic solvents. Its resistance to environmental factors is poorer
than the one of polyethylene and that is why it undergoes aging process faster than polyethylene.
Physiological indifference and the ability to function constantly at the temperatures higher than
100OC allow for its application as packaging for pharmaceutics and the elements of medical
equipment. Due to its high chemical resistance it is used for manufacturing chemical equipment
and containers. for storing aggressive media. Good mechanical and thermal properties of
polypropylene make it useful as en engineering material in industry for machine parts, housings
and protective elements. Good electric properties accompanied with other advantageous properties
make it a good material in electric industry.
In order to improve its properties some additives and fillers are introduced. Their main purpose
is:
- flammability reduction,
- preventing oxidation of the material during processing,
- stabilizing acids and metallic molecules remaining in the material
- after the polymerization,
- lowering degradation resulting from sunrays and UV radiation,
- giving desired color,
- improving processing properties,
- modifying physical properties,
- preventing electrostatic charge,
- lowering the price.
Apart from the above, polypropylene is mixed with the other polymers including
biodegradable polymers which are mainly represented by PLA, in this way creating new materials
of unique properties.
The purpose of the this paper is the preparation of PLA/PP mixtures and the analysis of the
influence of multiple processing on the mechanical strength of the composition.
2. Materials tested.
Polylactide (PLA)
Polylactide manufactured by NatureWorks (USA) under the commercial name Ingeo
Biopolymer 3251D intended for injection molding was used in this paper. Its features are good
transparency, good oxygen barrier and little post-processing shrink. Before processing, this material
must be dried to decrease its humidity to 0.01% because the content of water effects negatively its
final quality. Its melt flow index MFR (210°C, 2.16kg) is in the range 70-85 g/10min [27].
Polypropylene (PP)
Polypropylene manufactured by Brasken (Brasil) under the commercial name H734-52RNA
intended for injection molding was used in this work. Its features are low shrink and high
dimensional stability. It is used mainly for food and cosmetics packaging, household and office
utilities. Its melt flow index MFR (230°C/2.16 kg) is 52g/10min [28].
3. Preparing the specimens to be tested.
The mixtures were obtained by means of a drum mixer. The following ratios of the components
in the mixtures were applied:
1. 100% PP (pure PP),
2. 75% parts by weight PP + 25% parts by weight PLA,
3. 50% parts by weight PP + 50% parts by weight PLA,
4. 25% parts by weight PP + 75% parts by weight PLA,
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5.

100% PLA (pure PLA)

The specimens for strength tensile tests were paddle-shaped according to standard ISO 527-2 [29].
They were injection molded with the screw injection machine equipped with a mould with
exchangeable cavities. The peripherial deviceswere: thermostat, electronic scales, dryer KC100/200
and a grinder for grinding polymers. Out of each series of injection molded specimens some were
strength tested and the others were grinded and processed again.
The mechanical strength tests were performed on the tester Fu1000e by Heckert (Germany) with
the force sensor range 10kN. The specimens were statically stretched at the velocity of the clamp 2
mm/min in accordance with the corresponding standards. Tensile stress and the strain at elongation
of the specimens were recorded.
4. Experimental part and the results.
In all the figures presenting static tensile curves roman numbers denote multiplicity of
processing. In figure 1 the tensile curves for polypropylene corresponding to the following
processing cycles are shown; the results are presented in table 1. The effect of multiple processing on
the properties of polypropylene is minor. All curves are very much alike (fig. 3), the same concerns
maximum stress and the corresponding strain. Pure polypropylene can be multiple processed
practically without any harm to its mechanical properties.
Table 1. Mechanical properties versus multiplicity of processing for pure polypropylene.
cycle number
maximum stress  [MPa]
strain ε[1] corresponding to
maximum stress

I
36,6

II
34,4

III
34,4

IV
34,4

V
34,4

0,15

0,15

0,16

0,15

0,14

Figure 3. Static tensile curves for pure polypropylene depending on the multiplicity of processing .

In figure 4 static tensile curves for pure polylactide are presented. This material is rather
brittle which can be seen from the character of the plots. In table 2 ,the results are presented.
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Figure 4. Static tensile curves for pure polylactide depending on the multiplicity of processing .

Table 2. Mechanical properties versus multiplicity of processing for pure polylactide.
cycle number
maximum stress  [MPa]
strain ε[1] corresponding to
maximum stress

I
68,8

II
67,7

III
67,7

IV
67,7

V
64,4

0,08

0,07

0,08

0,06

0,07

The obtained results show that polylactide is a definitely stronger material than
polypropylene . Its strength is within the range 64-68 MPa while for polypropylene it is within 34-36
MPa. It can be seen that qualitatively these are two different materials of different specific mass and
different behavior in tensile static test.
In figures 5, 6, 7 the results for the following ratios of the components are shown. Thus at
first the strength tests were performed for the mixture of 25%PLA + 75%PP. In this case
polypropylene was a matrix in which polylactide was dispersed.
In figure 5 the tensile curves are presented. The material behaved almost like a pure PP. Also
its strength did not change much; only in case of the first processing the strength reached the level of
42MPa. The multiplicity of processing also did not essentially effect the strength which dropped
only a little. Only the strain corresponding to maximum strength reached half of the value for pure
PP. The results are shown in table 3.

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 March 2020

doi:10.20944/preprints202003.0431.v1

8 of 11

Figure 5. Static tensile curves for the mixture 25% PLA + 75% PP depending on the multiplicity of processing.

Table 3. Mechanical properties versus multiplicity of processing for the mixture 25% PLA + 75% PP.
cycle number
maximum stress  [MPa]
strain ε[1] corresponding to
maximum stress

I
42,0

II
34,4

III
32,2

IV
34,4

V
33,8

0,08

0,09

0,09

0,08

0,09

In case of the next mixture (50%PLA + 50%PP) the influence of PP upon the mechanical
behavior can be clearly seen. The character of the tensile curves as well as the level of the maximum
stress (higher than in the last case) make the mixture alike pure PP (fig. 6). In table 4 the results are
presented. The strength is a little higher than in the previous case (25%PLA + 75 % PP). Also,
similarly to the previous case, the essential drop of strength occurs only after the second processing.
After the next ones the maximum strength remains almost at the same level which also concerns the
corresponding strain.
Table 4. Mechanical properties versus multiplicity of processing for the mixture 50%PLA + 50%PP.
cycle number
maximum stress  [MPa]
strain ε[1] corresponding to
maximum stress

I
43,3

II
38,3

III
38,3

IV
38,8

V
38,3

0,06

0,05

0,06

0,07

0,06
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Figure 6. Static tensile curves for the mixture 50% PLA + 50% PP depending on the multiplicity of processing.

The last tested material was a mixture of 75% PLA + 25% PP. In this case polylactide was a
matrix in which polypropylene was dispersed. In figure 7 the static tensile curves are shown. The
material behaves in a way similar to the behavior of pure PLA, its strength is, however, higher
(table 5). Here polypropylene acts as the reinforcement of the polylactide. Strain corresponding to
the maximum stress is at the level similar to other mixtures. Also, as is the case of other mixtures,
only the second processing causes essential drop of its value. The next processing cycles do not bring
about changes of its value.

Figure 7. Static tensile curves for the mixture 75% PLA + 25% PP depending on the multiplicity of processing.
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Table 5. Mechanical properties versus multiplicity of processing for the mixture 75% PLA + 25% PP.
cycle number
maximum stress  [MPa]
strain ε[1] corresponding to
maximum stress

I
41,1

II
45,5

III
47,7

IV
41,1

V
47,7

0,05

0,06

0,06

0,05

0,07

5. Conclusions
The tests show that it is possible to make mixtures of two very different polymers like
polylactide and polypropylene. The particularly interesting case is the mixture of the 1:1 ratio of the
components. Further research might bring interesting results because in this case it is not possible to
determine which material is the matrix and which is the filler. The effect of the multiplicity of
processing upon the strength properties is comparable for all tested materials, both for the pure ones
(pure PLA and pure PP) and for the mixtures of different ratios of the components. All tested
materials exhibited the best properties after the first processing. Then, following the next cycles,
those properties decreased. This phenomenon is very common as each processing cycle causes
certain degradation of the material. The drop of the mechanical parameters is, however, not
dramatic which means that the recycled materials can be accepted for many applications.
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