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Abstract
In this work, polypropylene (PP)/carboxylated acrylonitrile butadiene rubber (XNBR) binary blends were prepared with 
the elastomer component dosed in its suspension (latex) form into the polymer matrix during melt compounding. For this 
purpose, samples containing 0-20 wt.% rubber were prepared using two different PP grades as matrices with lower and 
higher viscosity. Analogous reference samples with the same composition were also fabricated using traditional melt mixing 
by introducing the rubber in its dry, bulk form in order to analyze the efficiency of the latex route. Mechanical, thermome-
chanical and morphological analyses were used to investigate the structure-property relationships of the blends. Based on 
the SEM images the average domain size of the dispersed XNBR domains became markedly smaller when the rubber was 
introduced in its suspension form into the PP. Based on the Charpy impact tests and the tensile test results, the decreased  
rubber domain size led to improved ductility and toughness. The improvement was more prominent when the difference between  
the viscosity of the PP matrix and the XNBR rubber was higher.

Keywords  Polypropylene · Carboxylated acrylonitrile butadiene rubber · Polymer blend · Mechanical properties · 
Toughening · Water-assisted production · Dispersion

Introduction

Polypropylene (PP) is one of the most versatile commod-
ity thermoplastics and, as such, it is widely used in various 
fields, including the automotive, packaging, medical and 
other engineering industries. It has numerous advantageous 
properties such as low price, good chemical resistance, low 
density and good processability [1-4]. On the other hand, 
the areas of its potential applications are greatly limited by 
its low impact toughness, especially at room temperature 
and below. Accordingly, a high number of studies have been 
devoted to the toughening of PP in order to extend the range 
of its applications. The most common approach to increase 
the impact resistance of thermoplastic polymers is to blend 

them with other polymers, especially rubber-like elastomers, 
which is a simple, effective and economical method [5-7]. 
To date, PP was toughened by pairing it with various rubbers 
such as natural rubber (NR) [8, 9], ethylene-propylene-diene 
rubber (EPDM) [5, 10], ethylene-butene random copolymer 
(EBR) [11], acrylonitrile butadiene rubber (NBR) [12, 13], 
carboxylated acrylonitrile butadiene rubber (XNBR) [14], 
and also with ground waste rubber obtained from vehicle 
tires (GTR) [15-17]. In the currently available literature, 
there are rather few studies on toughening PP using NBR 
and its hydrogenated (HNBR) or carboxylated variations, 
which can be attributed to the difficulty of blending polar 
NBR with nonpolar PP [18].

Rubber-toughened PP-based materials are used in vari-
ous fields including the packaging, automotive, medical and 
optical fields. PP/nitrile rubber blends can also be applied 
in a number of fields, especially where toughness and oil 
resistance limits are required since NBR has strong polarity 
and excellent oil resistance [19]. Meanwhile, the carboxyla-
tion of the nitrile rubber phase enables the blends to have 
enhanced abrasion resistance as well.

When preparing PP/rubber blends, there are some 
major challenges that need to be addressed for the desired 
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improvement of toughness. The most important aspects of 
rubber-toughening are the small-enough average particle 
size and the proper dispersion of the rubber domains in the 
PP matrix [20]. These factors are mostly influenced by the 
viscosity ratio (VR) of the components and the shear stresses 
being present throughout the blending process. Generally, 
a VR value between the components closer to “1” means a 
better distribution of the secondary phase within the matrix 
[21]. Several methods were introduced in the literature to 
improve the above-mentioned factors in order to achieve 
optimal toughening. A viable strategy for achieving a finer 
dispersion of the rubber phase is the incorporation of nano-
sized reinforcement particles into the matrix, which helps 
to decrease the viscosity difference between the matrix and 
the rubber component [22]. This latter technique is also 
suitable for property-tailoring purposes of such materials 
[23]. Another feasible approach is the preparation of rubber 
powder from latex through spray-drying prior to its melt 
blending with the polymer matrix [24]. It has to be noted, 
that the final morphology and mechanical behavior of poly-
mer/rubber blends depend on a number of other variables 
as well, including the presence of any compatibilizers, the 
blend composition and the degree of dispersion of blended 
constituents as well [18].

A relatively new strategy in the field of nanocompos-
ite preparation is the so-called water-assisted melt mixing,  
during which the reinforcement particles are introduced 
into the molten polymer matrix as an aqueous suspension  
[25]. Technically speaking, rubber lattices are also aque-
ous suspensions, with the submicron-scaled rubber parti-
cles dispersed in a water-based liquid. Therefore, it seems 
straightforward, that the idea of water-assisted melt mix-
ing could be applied to the preparation of polymer/rubber 
blends as well in order to achieve an improved dispersion 
of elastomer particles. Water-assisted techniques may offer 
multiple advantages. Firstly, throughout the melt com-
pounding process, there is no need to decompose the larger 
coagulated bulk rubber domains, since the small particu-
lates are situated individually within the suspension. Sec-
ondly, there is a ‘blow-up’ phenomenon generated by water 
that boils intensively when exposed to the polymer melt 
at its processing temperature, which is also suggested to 
improve the dispersion [25].

In a previous work [26] PP/NR blends were prepared with 
the so-called fast evaporation mixing technique, which is 
about introducing the latex dropwise into a molten polymer 
during melt mixing. An NR-based latex with a solid content 
of 60 wt.% was dosed into molten PP. The results indicated 
that a much smaller NR domain size and a finer dispersion 
can be obtained with the fast evaporation mixing method 
compared to the traditional melt compounding (in which 
case the rubber is introduced in its dry bulk form). When 
using the water-assisted technique, the improved dispersion 

of rubber domains was also accompanied by a higher tough-
ness and ductility of the blends.

In order to get more insight into the efficiency of the 
water-assisted preparation of rubber-toughened PP blends, 
in this current study the fast evaporation mixing method was 
applied to prepare XNBR toughened PP samples. Two dif-
ferent kinds of PPs with different molecular weights and 
viscosities were used to also analyze the effectiveness of the 
method at different VRs. Structure–property relationships 
of the prepared blends were analyzed using morphological, 
mechanical and thermomechanical measurements.

Materials and methods

Materials

Polypropylenes of type Tipplen H145F and Tipplen H543F were 
used as matrix material, both grades were kindly supplied by 
MOL Petrochemicals Ltd. (Tiszaújváros, Hungary). The two PPs 
have a melt flow rate (MFR) of 29 g/10 min and 4 g/10 min, 
respectively (measured at 230 °C and 2.16 kg). Carboxylated 
acrylonitrile butadiene rubber latex, brand Chemigum Latex 550, 
with a solid content of 41 wt.% was obtained from OMNOVA 
Solutions Inc. (Beachwood, OH, USA).

Preparation of PP/XNBR blends

The PP/XNBR samples with different rubber content (0- 
20 wt.%) were produced by melt blending the components 
in a Brabender PL-2000 type internal mixer (Duisburg, Ger-
many) equipped with a kneading chamber of 50 cm3. The 
temperature of the chamber was set to 180 °C and the nomi-
nal rotational speed of the kneading elements was 60 rpm. 
The duration of the melt compounding was 5 minutes after 
both the components were introduced into the chamber. Pro-
cessing was performed as follows: (i) firstly the PP pellets 
were added into the mixer, and (ii) once the PP was molten 
the XNBR was dosed either in its latex or dry form. When 
adding the XNBR as latex, the so-called fast evaporation 
mixing technique was applied, during which the latex was 
dosed dropwise into the molten PP using a syringe. The setup 
and the detailed procedure of this method are described in a 
previous work [26]. Dry rubber was achieved by drying the 
latex at 40 °C for 24 h in a vacuum oven before melt mix-
ing, and subsequently cutting it into pieces of ca. 5x5x5 mm3 
before adding into the compounder.

After that, the blends were compression molded into 
sheets of 2 mm thickness using a Dr. Collin Teach-Line 
Platen Press 200E hot press (Munich, Germany) at 200 °C 
and a pressure of 25 bar for 3 mins. The specimens for the 
characterizations were cut from the compression molded 
sheets by a Mutronic Diadisc type disc saw (Rieden, 
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Germany). The designations and compositions of the pre-
pared samples are collected in Table 1.

Characterization and testing

The average size of XNBR solid globules within the applied 
latex was determined using a Horiba Partica LA-950V type 
laser scattering particle size diffraction analyzer (Kyoto, Japan).

The viscosity of the PPs and the XNBR rubber was deter-
mined using a MonTech D-RPA 3000 rheometer (Buchen, 
Germany). The parameters of the analysis were set so that 
they represented those circumstances (temperature, time, 
shear rate) that were present during melt mixing in the 
kneading chamber. Accordingly, the measurement was per-
formed at 180 °C for 5 mins at a shear rate of 57 1/sec.

The morphology of PP/XNBR blends was evaluated by 
scanning electron microscopy (SEM) using a JEOL JSM 
6380LA microscope (Tokyo, Japan), with an acceleration 
voltage of 15 kV. The samples were cryogenically fractured 
and then sputter-coated with gold/palladium alloy before the 
SEM analysis.

The mechanical properties of PP/XNBR blends were ana-
lyzed using tensile tests and Charpy impact tests. The tensile 
tests were performed on a universal testing machine (Zwick 
Z005, Ulm, Germany) equipped with a 5 kN force sensor. 
Tests were run at 5 mm/min crosshead speed, the gripped 
length was 50 mm. In the case of specimens showing a neck-
ing phenomenon, tests were stopped at 150% elongation. 
Charpy-tests were performed on notched specimens using 
a Ceast Resil Impactor (Pianezza, Italy) pendulum-type 
impact testing machine with a 2 J impact energy hammer. 
The 2 mm notch was prepared with a Mutronic Diadisc saw 
(Rieden, Germany) equipped with a V-type saw blade. All 
the mechanical tests were performed at room temperature at 

a relative humidity of 50% ± 10%. The results represent the 
average values of five consecutive measurements.

Dynamic mechanical analysis (DMA) was performed 
using a TA DMA Q800 testing unit (New Castle, DE, USA) 
equipped with a dual-cantilever bending fixture at a fre-
quency of 1 Hz. The DMA tests were conducted at a strain 
of 0.02% using a 3 °C/min temperature ramp from -50 to 
+70 °C.

The whole procedure of sample preparation and charac-
terization is shown as a flow chart in Fig. 1.

Results and discussion

Particle size analysis of XNBR within the latex

The initial size of XNBR particles in the latex suspension 
was determined by laser scattering analysis. The reason for 
performing this measurement was to determine if the diam-
eter of rubber globules remained the same after incorporat-
ing them into the PP or it increased because of coalescence. 
Figure 2 shows the results of the particle size analysis. The 
size of the rubber particles in the latex was in the range of 
115-229 nm (0.115-0.229 µm), while the average diameter 
was 190 nm (0.190 µm).

Viscosity measurement

The viscosity values of all the components used in this 
research are presented in Fig. 3. As expected, the H145F 
type PP with its higher MFR has lower viscosity (288 Pa·s) 
under the melt mixing circumstances compared to the H543F 
type (635 Pa·s). Rubbers generally have a considerably higher 
molecular weight compared to commodity thermoplastics, 

Table 1   Composition and 
designation of the prepared PP/
XNBR samples

Sample
designation

PP grade Amount of solid XNBR 
[wt%]

Form of XNBR

H145F Tipplen H145F - -
H145F_5XNBR_L Tipplen H145F 5 latex
H145F_10XNBR_L Tipplen H145F 10 latex
H145F_20XNBR_L Tipplen H145F 20 latex
H145F_5XNBR_D Tipplen H145F 5 dry rubber
H145F_10XNBR_D Tipplen H145F 10 dry rubber
H145F_20XNBR_D Tipplen H145F 20 dry rubber
H543F Tipplen H543F - -
H543F_5XNBR_L Tipplen H543F 5 latex
H543F_10XNBR_L Tipplen H543F 10 latex
H543F_20XNBR_L Tipplen H543F 20 latex
H543F_5XNBR_D Tipplen H543F 5 dry rubber
H543F_10XNBR_D Tipplen H543F 10 dry rubber
H543F_20XNBR_D Tipplen H543F 20 dry rubber
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which explains the significantly higher viscosity of XNBR 
(2655 Pa·s) than that of the PPs. Based on these results, the 
VRs of the component pairings can already be determined: 
the VR between H145F PP and the XNBR is ~9.2, while the 
VR between H543F PP and the XNBR is ~4.2. Since this 
latter one is much closer to “1”, a smaller rubber domain size 
and a better dispersion were expected in this case.

Phase morphology

The morphological features of PP/XNBR blends were 
observed as per SEM analysis. The ultimate properties of 
rubber-toughened polymers are highly dependent on the 
morphology of the blends. Figure 4 shows the morphology 
of the 10 wt.% rubber containing H145F PP/XNBR blends 
prepared using the dry dosing method (Fig. 4a, b) and the  
latex route (Fig. 4c, d). The position of XNBR phases 
can be identified either directly as amorphous domains 
within the PP matrix or indirectly as dark holes, where 
the rubber was situated before the specimen broke. The 
images reveal a matrix-droplet morphology in both cases. 
It was expected, since according to the minimum energy  
dissipation principle, the phase with the higher viscos-
ity tends to be present in the form of droplets within the 
less viscous matrix [27]. There is an obvious difference 
in the size of XNBR domains between the two prepara-
tion methods. According to Fig. 4a, when using traditional 
melt mixing, the size of some rubber particles was in the 
range of a few hundred microns, while barely any submi-
cronic droplets could be observed at higher magnification 
(Fig. 4b). Apparently, the high difference in the viscosity 
between the components did not allow the shear stresses 
to break the XNBR particles into smaller pieces than that. 
On the other hand, the latex route enabled the rubber to 
be dispersed in the form of much finer particles, mostly in 
the range of 0.5-10 µm. It has to be noted though that this 
is still considerably larger compared to the original size 
of the XNBR globules that was determined by the laser 
scattering analysis in the latex. It refers to the fact that dur-
ing the melt compounding a certain level of coalescence 
occurred resulting in the agglomeration of rubber. Based 
on the literature, the optimum size of rubber particles in 
rubber-toughened plastics is in the range of 0.1 to 5 µm, 
above which the rubber particles are considered to be too 

Fig. 1   Flow chart of the PP/XNBR blend preparation and characterization
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large to interact with the stress field at the tip of the crack 
and therefore they cannot contribute to energy dissipation. 
On the other hand, rubber domains below 0.1 µm are too 
small to cavitate, making the shear banding of the poly-
mer matrix unlikely, which is also rather disadvantageous 

regarding the toughening [28]. Figure  5 displays the 
SEM images of the H543F PP-based samples prepared 
with the different dosing methods. The average size of 
XNBR domains is significantly smaller compared to the 
H145F PP-based samples regardless of the preparation 

Fig. 4   SEM images of samples 
H145F_10XNBR_D (a, b) and 
H145F_10XNBR_L (c, d)

Fig. 5   SEM images of samples 
H543F_10XNBR_D (a, b) and 
H543F_10XNBR_L (c, d)
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route, which can be attributed to the higher viscosity of 
the H543F grade PP, which is closer to that of XNBR’s, 
resulting in a VR closer to “1”. The more optimal VR 
facilitated the rubber droplet break up by exerting an effi-
cient shear stress transfer towards the dispersed phase, 
which then led to a finer diameter and better dispersion of  
the dispersed phase [21]. Accordingly, even the traditional  
melt mixing resulted in rubber domains of a few microns, 
even though some slightly larger particles (~ 10 µm) 
can still be observed (Fig. 5a, b). Applying the water- 
assisted method (Fig. 5c, d) improved the dispersion in this 
case as well, resulting in much smaller rubber domains. In 
the SEM image recorded at lower magnification (Fig. 5c), 
the XNBR droplets are barely visible since they are dis-
persed in the size range of 0.3-2 µm as seen in Fig. 5d. It 
should be underlined that the fracture surface morphology 
does not necessarily agree with that of the bulk though 
this is generally accepted in the first approximation. To 
confirm the agreement between the surface and bulk prop-
erties auxiliary experiments, such as transmission electron 
microscopy (TEM) would be needed.

Image analysis was applied to determine the size dis-
persion of the XNBR domains within the PP and further 
morphological parameters, based on SEM images. Over 200 
unique rubber particles were measured in all samples con-
taining 10 wt% XNBR. The only exception for that was the 
H154F_10XNBR_D blend, in which only a small amount 
of particles were found due to their large size and poor dis-
persion. Therefore, in that case, only ~50 unique particles 
were considered. The number average diameter ( D

n
 ) of the 

XNBR droplets was calculated according to Eq. (1) [29, 30].

where Ni is the number of XNBR droplets with Di diameter.
Further, the inter-particle distance (IPD) and interfacial 

area per unit volume (Ai) were also determined using Eqs. 
(2) and (3) [29, 30].

(1)D
n
=

∑

N
i
D

i
∑

N
i

(2)IPD = D
n
.

[

(

�

6�
R

)1∕3

− 1

]

where ϕR represents the volumetric concentration of XNBR 
rubber within the blend.

The calculated values of D
n
 , IPD and Ai for the analyzed 

samples are collected in Table 2. The calculated values of D
n
 

confirm the assumptions made based on the SEM images, 
namely that both the technique of XNBR addition and the 
viscosity of the PP matrix affect the average diameter of the 
resulting rubber domains. It needs to be noted, however, 
that the average diameter values were in all cases larger than 
those measured within the latex by laser scattering analysis 
(0.19 µm), which refers to some extent of coagulation even 
in the case of fast evaporation mixing. Nevertheless, when 
the VR ratio between the components was less favorable 
(H145F PP-based blends), the difference in the resulting 
average rubber diameter values between the two prepara-
tion methods was over thirtyfold with the water-assisted 
way being the more advantageous (98.2 µm > 2.7 µm). In 
H543F PP-based blends the occurring shear stresses were 
mostly sufficient to break up the rubber domains, exhibiting 
a much less difference between the two preparation methods 
(1.6 µm > 0.5 µm), but still proving the superior characteris-
tics of fast evaporation mixing. The morphology refinement 
owing to the latex route is evident in the other determined 
morphological parameters too. For instance, there is a cor-
responding decrease in inter-particle distance (IPD) and a 
growth in interfacial area per unit volume (Ai) as well.

Tensile mechanical properties

The tensile mechanical properties (Young’s modulus, tensile 
strength and elongation at break) of the produced PP/XNBR 
blends were analyzed and compared. Data on the tensile 
properties of all the samples are summarized in Table 3. 
Based on the results it can be assumed that the type of PP 
greatly influenced the modulus of the samples. The H145F 
PP-based samples generally exhibited a higher modulus than 
those with H543F PP. This can be attributed to the higher ten-
sile stiffness of the former PP grade. The Young’s modulus  
of the blends decreased with increasing concentration of 

(3)A
i
=

6�
R

D
n

Table 2   Morphological 
parameters obtained from SEM 
micrographs of PP/XNBR 
blends through image analysis

Sample
designation

Number average 
diameter
[µm]

Inter-particle distance
[µm]

Interfacial area 
per unit volume
[1/µm]

H145F_10XNBR_L 98.2 76.7 0.01
H145F_10XNBR_D 2.7 2.1 0.20
H543F_10XNBR_L 1.6 1.2 0.35
H543F_10XNBR_D 0.5 0.4 1.21
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XNBR as expected, due to the soft, elastomeric nature of 
the rubber component. Meanwhile, the dosing technique of 
XNBR had little to no effect on Young’s modulus of the 
samples. Apparently, the modulus of the samples mostly 
depended on the composition of the blends, rather than the 
dispersion of components.

Similar to Young’s modulus, the tensile strength values 
also decreased with higher rubber loading. In this case, 
however, the rate of decrement was greatly affected by 
the applied dosing method of the XNBR component. The 
strength of neat H145F PP (32.9 MPa) decreased relatively 
by 13%, 22% and 44%, at 5 wt.%, 10 wt.% and 20 wt.% 
XNBR loading, respectively, when the rubber was intro-
duced as latex during the melt compounding. Meanwhile, 
when incorporated into the PP in its dry, bulk form, the 
relative decrement was 49%, 67% and 70%. This major 
drop in the strength values when applying the dry dosing 
method can be attributed to the poor dispersion of the rubber 
domains, which was also observed on the SEM images; the 
presence of rubber domains with a size of >100 µm suppos-
edly acted as failure sites, thereby leading to an early failure 
of the specimens during the tensile tests. This assumption 
is also supported by the fact that the elongation at break of 
samples prepared by latex dosing continuously improved 
with increasing rubber content, while the ones prepared with 
dry rubber exhibited a rapid break at low elongation values. 
Considering these facts, the melt compounding of PP/XNBR 
blends using the latex-route seems highly favorable for this 
material combination.

Interestingly, no such advantage of this technique was 
observed in the tensile strength of the blends with H543F 
type PP; in this case, the samples with identical compositions 

exhibited quite similar tensile strengths (the measured values 
were within the deviation range) regardless of the preparation 
method. This can be explained by the much better dispersion 
of rubber particles, which is due to the better VR between 
the components. Apparently, the shear stresses during the 
melt compounding were suitable to disperse the dry rubber 
to small enough domains so they did not act as failure sites 
anymore. Thereby, it can be concluded that the smaller par-
ticles generally resulted in higher strength and elongation 
values, while the modulus of the samples was barely affected.

Charpy impact performance

Figure 6a shows the Charpy impact strength of the H145F 
grade PP and its XNBR toughened blends, while the impact 
strength of the H543F PP and its blends can be seen in 
Fig. 6b. According to Fig. 6a, the addition of 5-10 wt.% dry 
XNBR to the PP H145F matrix led to slightly higher impact 
strength values; however, with 20 wt.% XNBR a drop was 
observed. This relatively poor toughening efficiency of dry 
dosed XNBR can be attributed to the large rubber domains 
that were observed on the SEM images (Fig. 4a) as well. 
Dosing XNBR as latex, on the other hand, led to a gradu-
ally increasing toughness, peaking at 7.3 kJ/m2, which is 
relatively 61% higher than that of neat H145F PP (4.5 kJ/m2). 
Accordingly, applying the water-assisted mixing for this 
pairing seems a favorable technique, since lower particle  
size can be achieved, which promotes the toughness of the 
blends. Based on Fig. 6b the toughness of the H543F-based 
blends continuously improved with increasing rubber content 
regardless of the applied dosing method. Even though the 
impact strength values measured on the samples prepared 
with latex addition were slightly higher than the dry dosed 
ones, the differences were within the deviation range for all 
concentrations. Apparently, the better VR of the H543F-
based blends resulted in a more favorable rubber dispersion 
even for the dry dosed samples and therefore the effect of 
the water-assisted technique was less remarkable, which is 
in good accordance with the tensile test results. These results 
are also in good accord with the SEM analysis of the sam-
ples. Similar observations were made for PP/NR blends in an 
earlier study [26]. Generally, for both PPs there was a rela-
tively low improvement in the impact strength – if any – as 
a result of XNBR-toughening compared to other elastomer 
types analyzed in the literature [26, 31]. This can be ascribed 
to the poor interfacial adhesion between the non-polar PP  
and polar XNBR phases.

Dynamic mechanical properties

The dynamic mechanical properties of the two PP types 
and their XNBR-toughened blends prepared with solid and 
liquid dosing are presented in Fig. 7. Figure 7a displays 

Table 3   Tensile properties of PP/XNBR blends containing 0-20 wt% 
XNBR

Sample
designation

Young’s 
modulus
[MPa]

Tensile 
strength
[MPa]

Elongation at break
[%]

H145F 1339 ± 43 32.9 ± 0.1 8.9 ± 1.1
H145F_5XNBR_L 1110 ± 21 28.7 ± 0.4 9.7 ± 1.0
H145F_10XNBR_L 967 ± 10 25.6 ± 0.1 11.8 ± 1.9
H145F_20XNBR_L 825 ± 8 18.3 ± 0.4 14.7 ± 0.3
H145F_5XNBR_D 1051 ± 29 16.8 ± 2.5 2.6 ± 0.9
H145F_10XNBR_D 930 ± 15 10.8 ± 0.4 1.6 ± 0.1
H145F_20XNBR_D 794 ± 46 10.0 ± 1.3 2.3 ± 0.2
H543F 1174 ± 11 34.3 ± 0.1 150+
H543F_5XNBR_L 1093 ± 63 27.2 ± 1.6 37.9 ± 11.2
H543F_10XNBR_L 973 ± 16 22.9 ± 0.5 39.1 ± 16.1
H543F_20XNBR_L 775 ± 67 18.5 ± 1.3 37.0 ± 16.1
H543F_5XNBR_D 1074 ± 48 29.1 ± 0.3 20.0 ± 5.3
H543F_10XNBR_D 981 ± 16 22.7 ± 0.6 21.4 ± 4.1
H543F_20XNBR_D 796 ± 16 19.6 ± 0.1 26.5 ± 3.3
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the storage modulus (E’) and loss factor (tan δ) curves of 
the samples based on the H145F grade PP. Apparently, the 
presence of XNBR rubber has a significant impact on the 
dynamic mechanical properties of PP, making the polymer 
matrix softer in the entire temperature range of analysis, 
which is manifested in a markedly lower storage modulus. 
Meanwhile, there is barely any difference between the sam-
ples H145F_10XNBR_L and H145F_10XNBR_D. These 
findings are in good agreement with those results obtained 
by the tensile tests. The tan δ plot of H145F PP exhibits one 
major peak, corresponding to its glass transition tempera-
ture (Tg), which is located in the range of -20 °C to 20 °C 
(peaking at 3 °C). When observing the loss factor curves of 
the XNBR-containing samples there is an obvious differ-
ence, namely the presence of a second characteristic peak 
between -40 °C and -20 °C. This is a typical range of Tg for 
rubbers [32], including XNBR. Above the glass transition 
temperature of XNBR, the tan δ curves of the filled and 
unfilled samples start to separate and there is a constant 
relative difference of ~25-30% in the whole temperature 
range after that with the XNBR-filled samples exhibiting 
higher values. It indicates a softening effect of XNBR on 

the H145F PP matrix. Apparently, the glass transition of 
PP did not shift to lower temperatures when being blended 
with XNBR, which supports the incompatibility between 
the components.

As shown in Fig. 7b, a very similar dynamic mechanical 
behavior was found for the H543F PP-based samples. Here, 
however, the difference between the neat PP and its blends 
was less significant. The reason for that is the softer nature 
of the H543F PP matrix material in comparison with the 
H145F. As a consequence of its higher viscosity, the chain 
molecules of H543F PP are expected to align into crystal-
line domains more difficultly than those of H145F’s, which 
results in lower modulus values, and this is in good agree-
ment with the tensile tests’ findings as well. Below -30 °C, 
where the XNBR enters its glassy state and becomes highly 
rigid, the storage modulus of PP/XNBR blends is slightly 
higher than that of neat PP. Interestingly, the separation of 
the XNBR-filled samples’ tan δ curve compared to neat 
PP above the rubber’s Tg is less prominent compared to the 
H145F PP-based samples, which also refers to a less intense 
softening effect of the rubber on the PP due to the initially 
softer nature of the H543F matrix.

Fig. 6   Charpy impact strength 
of H145F PP/XNBR (a) and 
H543F PP/XNBR blends (b) 
containing different amounts 
of XNBR

0

2

4

6

8

10

12

m/Jk[
htgnertstcap

mI
2 ] dry dosage latex dosage

a)

0

2

4

6

8

10

12

m/Jk[
htgnertstcap

mI
2 ] dry dosage latex dosage

b)

Fig. 7   Storage modulus and 
loss factor of H145F PP/XNBR 
blends (a) and H543F PP/
XNBR blends (b) prepared 
using different methods
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Conclusions

PP/XNBR blends with up to 20 wt.% of rubber content  
were prepared using a water-assisted method, introducing  
XNBR in its latex form into the molten PP. Analogous 
reference samples with the same compositions were also 
fabricated using traditional melt mixing to serve as control 
samples, in order to analyze the efficiency of the latex route. 
According to the results, the incorporation of the XNBR 
into PP in the form of latex was an efficient way to achieve 
better dispersion and smaller average droplet size of the elas-
tomer component within the blends compared to traditional 
melt mixing. This was attributed to the fact that latex con-
tains rubber in the form of submicronic-sized globules and 
therefore, it was not required for shear forces to be present 
during the melt compounding to break up the bulk rubber. 
The improved dispersion and the small enough size of rub-
ber domains obtained by the latex dosing ultimately led to 
enhanced toughness and ductility. Those blends prepared 
with the novel, water-assisted method consequently outper-
formed the control samples with respect to elongation at 
break, tensile strength and Charpy impact strength values. 
These advantages of the latex route were especially notable 
when the VR of the XNBR and the PP matrix was high 
(~9.2), in which case all the analyzed mechanical properties 
were superior compared to the samples prepared with dry 
dosing, especially at high (10 wt.%+) rubber concentration. 
When the VR between the components was closer to “1” 
(~4.2), the mechanical properties were found to be similar, 
regardless of the preparation method. The shear forces, in 
this case, were presumably adequate to achieve a proper dis-
persion of XNBR, even though the actual size of the rubber 
domains was still smaller when the latex route was applied.

Overall, water-assisted fast evaporation mixing has proven 
to be an effective method to prepare PP/XNBR blends with 
improved toughness and ductility. It needs to be underlined 
though that there are still challenges that are required to 
be analyzed further before this technique could be utilized 
in large-scale production. These include the adaptation of 
the technique to large-scale production machinery and the 
recycling of such PP/XNBR blends while also avoiding the 
potential coalescence of the incorporated rubber domains.
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