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Abstract: The rheological properties of isotactic polypropylene (iPP) and its composites with unmodi-
fied and stearic acid-modified calcium carbonate (5, 10, 20, 30 wt%) were investigated. The process-
ability factor K of the composites was determined based on changes in the mass flow rate (MFR). The 
assessment of rheological properties was carried out at high shear rates, in the injection process, using 
a special in-line measuring head. Measurements were performed at a temperature of 230°C, in the range 
of apparent shear rate from 19,100 to 101,900 s-1, based on the Ostwald-de Waele power-law model. Com-
parative analysis of the processing and rheological characteristics, as determined with two techniques 
(off-line measurements and in-line measurements), has shown a diverse behaviour of polymer com-
posites in flows (flow resistances, the behaviour of the flow and viscosity curves, the power law index), 
resulting from a varying fill degree, applied filler type and measuring shear rate range.
Keywords: polymer composites, injection moulding, rheological properties, in-line rheology.

Właściwości reologiczne kompozytów polipropylenu z węglanem wapnia 
w warunkach dużych szybkości ścinania
Streszczenie: Zbadano właściwości reologiczne izotaktycznego polipropylenu (iPP) oraz jego kompo-
zytów z niemodyfikowanym i modyfikowanym kwasem stearynowym węglanem wapnia (5, 10, 20, 
30% mas.). Współczynnik przetwarzalności K kompozytów określano na podstawie zmian masowego 
wskaźnika szybkości płynięcia (MFR). Ocenę właściwości reologicznych przeprowadzono w warun-
kach dużych szybkości ścinania, w procesie wtryskiwania, przy zastosowaniu specjalnej głowicy po-
miarowej typu in-line. Pomiary wykonano w temperaturze 230°C, w zakresie pozornej szybkości ścina-
nia od 19 100 do 101 900 s-1, w oparciu o model potęgowy Ostwalda-de Waele’a. Analiza porównawcza 
charakterystyk przetwórczych i reologicznych, wyznaczonych dwoma technikami pomiarowymi (off-
-line i in-line), wykazała zróżnicowany sposób zachowania się kompozytów polimerowych w przepły-
wach (opory przepływu, przebiegi krzywych płynięcia i lepkości, wykładnik płynięcia), wynikający 
z różnego stopnia napełnienia, rodzaju zastosowanego napełniacza oraz zakresu pomiarowego szyb-
kości ścinania.
Słowa kluczowe: kompozyty polimerowe, wtryskiwanie, właściwości reologiczne, reologia in-line .

The observed unceasing increase in demand for poly-
meric materials constitutes one of the key factors deter-

mining the growth of investigations to develop new and 
modify the existing polymers. Changing the properties 
of polymers can be done through their chemical [1], phys-
ical [2] or combined modification [3]. Because of the high 
efficiency and economy of the process, a form of modi-
fication that is most often used currently is the physical 
modification, which involves plasticized-state homoge-
nization of a polymer with another polymer (polymer 
mixtures [4]), a polymer with modifying additives (e.g., 
a slip agent [5]), or a polymer with fillers (polymer com-
posites [2, 6]). The changes in specific, planned functional 
properties of polymeric materials, which occur due to 
physical modification, are often accompanied by a spon-
taneous change in their rheological properties [7–10]. 
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To achieve the correct run of a processing routine (such 
as extrusion, injection moulding, etc.), it is necessary to 
obtain the appropriate rheological properties of the poly-
meric materials and maintain their constancy through-
out the process [11–13]. The selection of setup parame-
ters, such as temperature or injection temperature, can be 
made, among other ways, by evaluating the rheological 
parameters of the polymeric raw material, including the 
Melt Mass-Flow Rate (MFR) or the behavior of the vis-
cosity curves. The above-mentioned rheological quanti-
ties are most determined using highly specialized sta-
tionary devices (such as plastometers or rheometers) in 
laboratory conditions [14–15]. In an analytical approach, 
tests conducted on a small amount of material taken from 
either the raw material or the finished product, shifted 
in time relative to the technological process, are named 
off-line measurements [16]. Off-line measurements enable 
an extensive rheological characteristic of polymeric mate-
rials to be made; however, they do not allow the control 
of the technological process as it runs and the assessment 
of the behavior of the polymers in flows occurring in real 
processing conditions [16, 17]. The analysis of the actual 
behavior of a polymer in processing constitutes a basis for 
the control of the process and its stability and the quality 
of the finished product [18,19]. An investigation technique 
that enables the control of the production process and 
the rheological analysis of the whole polymeric material 
being processed (100% of flow) are in-line measurements 
[9, 16, 17]. The processes are conducted in the extrusion 
or injection moulding, and the function of a rheometer is 
taken over by a special-design head [10, 20] or injection 
mould [21, 22]. In the injection moulding process, in-line 
type rheological measuring techniques are carried out in 
three ways. The first of them constitutes the same techni-
cal solution as in measurements conducted during extru-
sion, wherein the testing device is a rheological head 
(a flat measuring channel head or an exchangeable dies 
head) mounted on the injection moulding machine die. 
In that case, the technological machine is equipped with 
molds, and its plasticizing system performs the function 
of a flow-forcing tool [23–26]. The next two types of mea-
surements are accomplished using injection moulding 
machines equipped with rheological measuring instru-
ments mounted in the location of the injection mould. 
Depending on the design solution, the mould can have 
no injection cavity and act as a rheological measuring 
head, i.e., it can have the capability to record variations 
in pressures and melt volume-flow rate during injection 
[27]. The next type of in-line rheological measurements 
to characterize the run of the injection moulding process 
are measurements taken directly in the injection mould. 
Pressure and temperature sensors placed directly in the 
cavity of a mould allow the control of the injection pro-
cess within a tool which is the injection mould, and, above 
all, they provide a source of information on phenomena 
occurring as the mould cavity is filled [21, 22]. In-line 
measurements conducted in polymer processing enable 

the determination of the effect of apparatus-related fac-
tors, e.g., the design of plasticizing system, the design of 
the working tool (extrusion head, injection mould), and 
process setup parameters on the rheological parameters 
of the polymers [9, 18, 19, 21, 28]. They can also provide 
a tool for evaluating the effect of adding fillers on the pro-
cessability of polymer composites [9, 10, 20]. The varying 
design of the plasticizing systems of processing devices 
and, therefore, the varying conditions of shear flows, may 
significantly affect the filler–polymer interactions and 
the filler structure [20, 25, 26]. That, in practice, can lead 
to a variation in the rheological characteristics of poly-
mer composites, as determined using different measur-
ing techniques within in-line measurements [9]. It may 
also be risky to extrapolate off-line measurement results 
to conditions prevailing in in-line measurements. For this 
reason, rheological indices determined in off-line mea-
surements are used in relative comparisons, though they 
usually do not reflect the direct engineering relationships 
and may deviate from the behavior of polymers under 
processing conditions [9, 29].

One of the widely applied thermoplastic polymer fillers 
used for fabricating continuous-shaped products, injec-
tion-molded parts, and foil products is calcium carbonate 
(CaCO3). The commonness of this natural powder filler is 
due to its availability, low price, and positive influence on 
selected functional properties of products; specifically, 
it enhances the compressive strength, increases the lon-
gitudinal modulus of elasticity, reduces the shrinkage, 
improves the thermal stability, and contributes to extru-
sion efficiency [30‒32]. Using CaCO3 as a polymer filler 
may also have some adverse effects, such as impaired 
rheological properties [32], increased water absorption, 
and faster wear of processing machines [31]. The proper-
ties of composites with an addition of calcium carbon-
ate depend on the content of the filler, its particle size, 
homogenization conditions, and surface modifiers used 
[33, 34]. As a powder filler, calcium carbonate tends to 
form agglomerative [35]; therefore, to improve its disper-
sion in the polymer matrix and enhance interactions at 
the polymer–filler interface, its surface is modified using, 
among others, stearic acid [32, 36, 37]. Stearic acid per-
forms the function of a coupling agent, whose aim is to 
couple and improve adhesion at the (polymer–filler) inter-
face, as well as to uniformly disperse the filler within the 
polymer matrix [38]. The use of stearic acid as a calcium 
carbonate modifier improves selected functional proper-
ties of polymer composite products, such as foils [39], but 
above all, it influences the rheological properties of the 
polymer matrix and polymer processability [37, 40].

As was demonstrated in a previous study [37], the 
addition of modified and unmodified calcium carbonate 
within the filler concentration ranges from 5 to 30 wt% 
showed a varying effect on the rheological properties of 
polypropylene, depending on the applied CaCO3 grade 
and the quantity of the filler used. The rheological char-
acteristic tests were carried out using an extruder rhe-



POLIMERY 2023, 68, nr 7–8 405

ometer with an in-line measuring head in low shear 
rate magnitudes, i.e., in the range from 150 to 700 s-1. As 
has been shown by investigations carried out for poly-
mer composites, the effect of filler addition on the poly-
mer viscosity decreases with the increase in shear rate 
[25, 26, 41]. 

So far, no studies in the literature on the subject would 
describe the rheological properties of polypropylene com-
posites with CaCO3, as determined under high shear rate 
conditions. Therefore, this paper will present an inves-
tigation to evaluate the effect of modified and unmodi-
fied calcium carbonate on the rheological properties of 
polypropylene, as determined in the injection moulding 
process using a special-design on-line rheological head 
in the conditions of high shear rates of up to 102,000 s-1 . 

EXPERIMENTAL PART

Materials

Specifically, Moplen HP456J isotactic polypropyl-
ene (iPP) (produced by Basell Orlen Polyolefins Poland) 
with a density of 893 kg/m3 (23°C) and a melt flow rate 
of (MFR2.16; 230°C) 3.35 g/10min was used during studies as 
a polymeric matrix.

Commercial calcium carbonate supplied by Calcit d.o.o. 
(Slovenia) was used as a polypropylene filler. The same 
filler in two variants, i.e., unmodified CaCO3 (CalPlex 
Extra) and modified CaCO3 with stearic acid (CalPlex 
ExtraT), was used in the tests. Table 1 shows the main 
physicochemical properties of the fillers used. 

T a b l e 1. Physicochemical properties of calcium carbonate fil-
lers

Properties CalPlex 
Extra

CalPlex 
ExtraT

Crystallographic form calcit calcit
Surface modification – stearic acid
Density, g/cm3 2.70 2.70
Particle size distribution (d50), μm 0.75–0.9 0.75–0.9

Specific surface area (ABET), m2/g 9.210 7 .814

The modification of the PP was made in a cold granu-
lation extrusion process. A twin-screw extruder, model 
EH16.2D, by Zamak Mercator (Poland), with a screw 
diameter of d = 16 mm and an l/d ratio of 40, was used. As 
a result of homogenization, iPP composites with unmod-
ified and modified calcium carbonate were produced, 
containing 5, 10, 20, and 30 wt% filler. The concentrations 
of the composites and sample symbols are summarized 
in Table 2.

Methods and apparatus

Mass melt flow rate (MFR)

MFR was measured using a Dynisco plastometer model 
LMI 4004 (Franklin, MA, USA), according to the ISO 1133 
standard at a temperature of 230 ± 0.5°C under a load of 
2.16 kg. Changes in the processability of polypropylene 
because of the addition of CaCO3 are represented with 
the coefficient K, which is the percentage change of MFR, 
understood as the ratio:

  (1)

where: MFRPC – melt mass-flow rate of polymer compos-
ites [g/10 min], MFRPP – melt mass-flow rate of polypro-
pylene [g/10 min]. 

Shear viscosity

The examination of the rheological properties of the 
composites for high shear rates’ was carried out under 
injection moulding using in-line measuring stand. The 
function of a rheometer was performed by an Engel injec-
tion moulding machine, model Victory 120 (Schwartzberg, 

T a b l e 2. The composition of investigated materials

Symbol
Content, wt%

iPP unmodified 
CaCO3

modified 
CaCO3

PP 100 – –
UC5 95 5 –
UC10 90 10 –
UC20 80 20 –
UC30 70 30 –
MC5 95 – 5
MC10 90 – 10
MC20 80 – 20
MC30 70 – 30

Fig. 1. Rheological head: 1, 2 – thermocouples, 3 – pressure trans-
ducer, 4 – segment with measuring capillary



406 POLIMERY 2023, 68, nr 7–8

Austria), with a screw diameter of 40 mm and maximum 
shot volume of 250 cm3, equipped with the Author’s rhe-
ological head (Fig. 1). The rheological tool is mounted in 
place of the conventional injection mould. Detailed con-
struction and the operating principle of the measuring 
head are described in earlier publications [25, 26]. 

The measurements used a cylindrical capillary of 
a diameter of 2 mm, a length of 40 mm, and an inlet angle 
of 120°. The injection moulding machine heating zone 
temperatures were, respectively: 30, 190, 210, and 230°C . 
The measurement temperature of the head and the mea-
suring capillary was constant for all test materials under 
analysis, amounting to 230°C. The plasticizing system 
took a polymer material dose with a volume of 250 cm3 
and plasticized it for 240 s. Next, the injection was done 
with a defined melt volume-flow rate ( ) of, respectively: 
15, 23, 38, 60, and 80 cm3/s through the rheological head 
furnished with a measuring capillary. Applying the range 
mentioned above of test melt volume-flow rate made it 
possible to carry out rheological characteristics under 
the conditions of high shear rate in the range from about 
19,100 s-1 to about 102,000 s-1. The pressure variation mea-
surement was carried out using a Bagsik sensor, model 
DA 250-1/2-1000-0, positioned before the inlet to the mea-
suring capillary. The injection process was carried out five 
times for each polymeric material, and the determined 
pressure values formed the average of five measurements 
together with the standard deviation value.

The analysis of the rheological properties of pure poly-
propylene and polypropylene composites with unmodi-
fied and modified calcium carbonate was made based on 
the Ostwald-de-Waele power law model [15, 32]:

  (2)

where: k is the consistency or viscosity coefficient index 
[Pa ∙ sn], n is the power law index [/].

The shear stress on the measuring capillary wall was 
determined from the following equation:

  (Pa ∙ s) (3)

where: Δp is the pressure before entry to the capillary 
(pressure drop) [Pa], R is the capillary radius [m], and L 
is the capillary length [m].

The apparent shear rate at the wall was evaluated 
using the equation: 

  (s-1) (4)

where:  is the volumetric flow rate [m3/s]
The true shear rate was obtained by applying the 

Rabinovitch correction [14, 15]:

  (s-1) (5)

where n is the power law index obtained from the slope 
of the linear plots between ln (τw) and ln (γ. ) .

The shear viscosity was therefore calculated as follows:

  (Pa∙s) (6)

RESULTS AND DISCUSSION

The modification of polymer with a filler has a direct 
effect on its processing and rheological properties [9, 41]. 
As has been demonstrated in previous studies, the appli-
cation of calcium carbonate (in its modified or unmod-
ified form) directly influences the value of the Melt 
Mass-Flow Rate (MFR) [37] and the value of the Melt 
Volume-Flow Rate (MVR) of polypropylene [39]. Figure 2 
illustrates the variations in the processability coefficient 
K (Equation 1) as a function of calcium carbonate content. 
The addition of modified calcium carbonate improves the 
processability of the composite within the entire range 
of filler concentrations used concerning the applied 
polymer matrix. For example, for a composite contain-
ing 5 wt% of modified CaCO3 (MC5), processability has 
improved by 31%. However, an impairment in process-
ability (K↓) is observed with the increase in the content 
of modified calcium carbonate in the composite. But even 
at a filler concentration as high as 30 wt% (MC30), the 
processability of the composite is still better than that 
of pure polypropylene. In this case, an increase in the 
value of coefficient K by approx. 15 % is observed. The 
improvement in the processability of composites contain-
ing modified calcium carbonate is a consequence of stea-
ric acid that reduces the flow resistance by acting as a slip 
agent whose task is, among other things, to reduce the 
internal friction in polymeric material [5, 42]. Comparing 
the value of the K factor for composites containing two 
different types of fillers, it was found that for each of the 
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Fig. 2. The changes in processability (K coefficient) of polypro-
pylene as the filler content
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concentrations used, systems containing modified CaCO3 
had better processability.

Research carried out earlier on the effect of adding 
calcium carbonate to the polyethylene matrix [10, 32] 
allowed one to conclude that the addition of unmodi-
fied CaCO3 to polypropylene would worsen processabil-
ity. As follows from the summarized values of coeffi-
cient K, adding small quantities of unmodified calcium 
carbonate (5 and 10 wt%) improves the processability of 
PP. This phenomenon is characteristic of powder fillers 
with a small particle size, which acts similarly to plasti-
cizers or lubricators in small quantities. By penetrating 
into intermolecular gaps, the filler particles reduce poly-
mer–polymer interactions, reducing flow resistance [7]. 
A worsening of processability takes place for composites 
containing 20 and 30 wt% CaCO3. For composite UC30, 
the value of coefficient K decreases by 17.5%. The changes 
in the processability of composites have found their con-
firmation in changes in viscosity determined in in-line 
rheological measurements in the extrusion process [37] 
and during the analysis of flow resistance in the engi-
neering conditions of extruding composite films [39]. It 
should be noted that the described rheological charac-
teristics of composites were determined in shear flows, 
in which the maximum share rate magnitudes amounted 
to 800 s-1 . 

The design of the measuring head and the capability to 
perform injection at a constant preset melt volume-flow 
rate made it possible to determine the resistance during 
flow through the measuring capillary. For each material 
tested, the value of  was determined before entry to the 
measuring capillary channel in the conditions of the con-
stant preset melt volume-flow rate. Figure 3 shows the 
diagrams of the relationship  for composites containing, 
respectively, unmodified, and modified calcium carbon-
ate. The obtained variation of pressure drops during the 
flow of composites containing unmodified CaCO3 partly 

coincide with the relationships obtained from the mea-
surements of MFR. The addition of small quantities of 
the filler does not cause increases in flow resistance. For 
the composite with the smallest CaCO3 content (UC5), 
a shift of the curve Δp = f( ) towards smaller Δp values 
are observed. For the composite containing 10 wt% of the 
filler, on the other hand, recorded pressure drops were 
very similar to those occurring during injection of pure 
polypropylene. An increase in flow resistance in tech-
nological processes entails an increase in energy outlay 
[43]. The recorded pressure changes revealed a conve-
nient aspect related to the processing of low CaCO3 con-
tent composites of series UC. Despite applying the addi-
tion of the unmodified filler, composites containing 5 and 
10 wt% of calcium carbonates will be able to be processed 
under polymer matrix processing conditions. A distinct 
growth in pressure is observed for a propylene fill of 20 
and 30 wt% (UC20 and UC30), respectively, which indi-
cates an increase in flow resistance because of increased 
friction in the shear flow of composite systems [44]. The 
behaviors of the Δp = f( ) curves determined during 
injection of composites UC20 and UC30 are consistent 
with the variations of the processability coefficient K . 
No such consistency occurs for composites containing 
20 and 30 wt% of the modified filler. As follows from 
the value of coefficient K, composites MC20 and MC30 
should be characterized by smaller magnitudes of flow 
resistance during injection compared to unfilled poly-
mer; however, no such relationship is observed. A clear 
shift of the Δp = f( ) curve towards larger pressure values 
occurs after the addition of 20 and 30 wt% of the modi-
fied filler, as compared to polypropylene. The most sig-
nificant flow resistances occurred for the composite of 
the largest fill percentage (MC30). The discrepancies in 
the assessment of composite processabilities determined 
with a plastometer, relative to the pressure drop varia-
tions in in-line measurements conducted under experi-

Fig. 3. Pressure drops (Δp) vs. volume flow rate for PP and composites: a) unmodified CaCO3, b) modified CaCO3
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ment conditions, might be due to, among other things, 
variations in flow conditions, i.e., the occurrence of vary-
ing test values of the shear rate and shear stress ranges 
[9]. An analysis of variations in Δp values showed a posi-
tive effect of the filler surface modifier (stearic acid) on 
the flow resistance determined in the adopted experi-
ment conditions. In each of the CaCO3 concentrations 
considered, smaller Δp values occurred during the flow 
of a composite containing modified calcium carbonate 
(MC). For example, in the conditions of a melt volume 
flow rate of 60 cm3/s, the magnitude of Δp for composite 
MC20 was 39.8 ± 0.39 MPa, while for composite UC20 it 
increased to a level of 43.9 ± 0.44 MPa.

As can be seen from the shape of the curves, the Δp 
value grows naturally with the increase in . High repeat-
ability of results was obtained from the measurements, 
and the determined Δp = f( ) curves are characterized by 
a substantial monotonicity of variation, which indicates 
a good homogenization of the composite materials and 
stability of the flows under analysis [44, 45]. 

The specificity of the injection moulding machine 
plasticizing system makes it possible to conduct mea-
surements for fixed preset values of melt volume-flow 
rates and, thus, for constant preset values of apparent 
share rate, which were calculated from Equation (4). 
Using Equation (3), the values of shear stress were also 
determined from the curves Δp = f( ). The measurement 
ranges of apparent share rate ( ) and the obtained values 
of shear stress (τw) are collected in Table 3. The variations 
in the values of τw under the adopted shear rate condi-
tions, depending on the type of filler and its content, are 
identical to the patterns occurring in Δp variations, as 
discussed above. 

T a b l e 3. Ranges of apparent shear rate, apparent shear stress 
and the value of the power law index

Sample Apparent 
shear rate, s-1

Apparent 
shear stress, 

kPa

Power law 
index 

n, /
PP

19,100 – 101,900

279 - 505 0 .360
UC5 254 - 494 0 .397
UC10 268 - 524 0.405
UC20 293 - 634 0 .466
UC30 310 - 673 0 .468
MC5 255 - 485 0 .390
MC10 268 - 496 0 .374
MC20 220 - 453 0 .434
MC30 300 - 633 0 .446

In the adopted measurement range of shear rate, a rec-
tilinear relationship of the flow curves was obtained 
for all test materials, which allowed the results to be 
described using the Ostwald-de-Waele power law model 
[14, 15]. Figure 4 shows the flow curve (on the ln – ln 
scale) obtained during the flow of a composite containing 
10 wt% of unmodified calcium carbonate (UC10), from 

which the power law equation constants n and k were 
determined. The values of the power law index are con-
tained in an interval characteristic of thermoplastic poly-
mers (from 0.19 to 0.80) [14] and are indicative of the pseu-
doplastic character of the composites examined (n < 1) 
[46]. The addition of calcium carbonate and its modified 
form changes the n value of polypropylene composites; 
however, it does not influence the character of the fluid – 
the composites behave in flow like a shear-diluted liquid 
throughout the flow. Based on the research results pre-
sented in the previous publication [37], the rheological 
characteristics were determined in the extrusion process 
for a maximum apparent shear rate of approx. 700 s-1 an 
increase in the pseudoplastic character of PP/CaCO3 com-
posites flow was shown, which meant a drop in n values 
with increasing CaCO3 content in the polymer matrix. 
Such dependences were not demonstrated in flows con-
ducted under high shear rates (see Table 3).

An increase in the value of the power low index 
was found compared to the unfilled polymer material, 
regardless of the amount and type of filler used. This 
effect proves a different change in the pseudoplastic 
properties of the tested materials. Additionally, higher 
n values were found for composites containing unmodi-
fied filler. Higher values of the power law index of com-
posite materials result in a lower shear thinning effect 
under increasing shear rate. Compared to the analysis 
performed at lower shear rates [37], most likely, the phe-
nomena related to the increase in viscosity due to the 
increase of filler content in the composite exceeded the 
previously observed lubricating effects. Nevertheless, the 
lubricating effect of stearic acid is still observed, which 
reduces the n value when comparing composites with the 
same filler content.

The use of the Rabinovitch correction (5) allowed the 
measurements to be conducted for non-Newtonian liq-
uids, i.e., a group that includes plasticized polymers and 
polymer composites [14]. Figure 5 juxtaposes viscosity 
curves determined for a polypropylene composite con-
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Fig. 4. Relationship between ln(τw) and ln(γ�a) for polypropylene 
composites  – UC10 (10 wt% unmodified CaCO3)
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taining unmodified (Fig. 5a) and modified (Fig. 5b) cal-
cium carbonate. For all examined polymeric materials, 
the behaviors of the curve’s characteristic of Newtonian 
pseudoplastic shear-diluted liquids were obtained [15]. 
Research on composites of thermoplastic polymers with 
calcium carbonate indicates a varying influence of CaCO3 
addition on the polymer viscosity. The variety of interac-
tions may be due to the particle size of calcium carbon-
ate, its quantity [5], as well as the ranges of shear rates 
occurring in the flow [34, 46]. In the case of the addition 
of CaCO3 in the amount of 5 wt%, a shift of the ηw = f( ) 
curves towards smaller viscosity values are observed com-
pared to polypropylene. The shifts of the viscosity curves 
are very similar in character for both filler types. As men-
tioned earlier in this paper, a change of this type is a con-
sequence of a specific interaction of small quantities of 
a small particle-size filler with the polymer matrix. The 
particles of the filler penetrate the gaps between the poly-
mer chains, where they act as plasticizers, resulting in 
a reduction of polymer intermolecular interactions, lead-
ing to a decrease in polymer viscosity [7, 37]. 

This effect was observed in the variations of the pro-
cessability coefficient K discussed earlier and occurred 
for the addition of 5 and 10 wt% of unmodified and modi-
fied CaCO3, respectively. It should be emphasized, how-
ever, that the flow of polymeric material in the measur-
ing capillary of a dead-weight plastometer (at a piston 
load of 2.16 kg) occurs in shear rates not exceeding the 
value 10 s-1 [5, 9].  Under the conditions of acting high 
shear rates, such a significant decrease in PP viscosity 
because of filling with calcium carbonate at a level of 
5 wt% is no longer observed. For example, the viscos-
ity of polypropylene for shear rate at a level of 70,000 s-1 
is 5.53 Pa∙s, while for composite UC5, 5.23 Pa ∙ s. In the 
same share rate conditions, the viscosity of a compos-
ite containing 5 wt% of modified CaCO3 (MC5) takes on 
a value of 5.27 Pa ∙ s. From the analysis of the K coeffi-

cient determined in off-line measurements, a decrease 
in the value of ηw might also be expected for composites 
containing 10 wt% of the filler. The course of the curves 
ηw = f( ) suggests that the addition of 10 wt% of either 
unmodified or modified CaCO3 does not marked reduce 
the change in the viscosity of composites compared to 
PP in the 27,000 s-1 corrected share rate. Importantly, due 
to the lower susceptibility to shear thinning (higher n 
value), the difference in viscosity between PP and com-
posites will change with increasing shear rate. For UC10 
composite at  aprox. 43,000 s-1, the viscosity of the com-
posite begins to be higher than that of PP. Similarly, for 
composites with a filler modified with stearic acid, this is 
only observed at approximately 140,000 s-1 .

A significant increase in viscosity is observed only at 
a calcium carbonate fill of up to 20 and 30 wt%. There are 
noticeable shifts of the viscosity curves towards larger 
values of ηw. It should also be noted that the position of 
the viscosity curves for composites containing modi-
fied calcium carbonate (MC20 and MC30) is not identi-
cal with the changes in the processability coefficient K 
(see Fig. 2). The K value, even at a modified CaCO3 fill 
of 20 and 30 wt%, was greater than that of the polymer 
matrix (K = 100%). As shown by the relative position of 
the viscosity curves in Figure 5b, the addition of the 
modified filler in the amount of 20 and 30 wt%, respec-
tively, increases the resistance of flow in the head’s mea-
suring capillary, increasing the value of . Additionally, 
considering the previously described n relationships, an 
increase in the relative viscosity difference between the 
composites and PP is visible. The viscosity of UC30 was 
17% higher at 30,000 s-1 and as much as 36% higher at 
130,000 s-1 than PP. Similarly, for MC 30 composites, this 
difference was 13% and 28%, respectively.

It can be said that the viscosity modification functions 
attributed to calcium carbonate and stearic acid [47] in 
high shear rate conditions are to some extent limited. 
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Thereby, the behavior of composite materials in injection 
process conditions deviates from the characteristics made 
by off-line measurements (with a dead-weight plastom-
eter). The increase in viscous flow resistance due to the 
introduction of calcium carbonate to the polymer matrix 
in the concentrations mentioned above can be explained 
by the occurrence of the forces of adhesion of polymer 
macromolecules to the surface of the solid body (CaCO3), 
resulting in an increase of viscous energy dissipation in 
the fluid [48]. The change in the nature of the filler’s influ-
ence on the rheological properties of PP/CaCO3 compos-
ites at high shear rates may also result from the migra-
tion of fillers transverse to the channel axis during the 
flow of filled fluids. As a result of the heterogeneous 
system of shear forces in the channel cross-section, the 
fillers migrate to the channel axis. As a result of this phe-
nomenon, a smaller amount of filler is observed in the 
thin layer wall channel region than would result from 
the composition of the composite. This layer facilitates 
flow, exhibiting effects like process lubricants or wall 
slip effects [40, 48–51]. Due to the large share of filler in 
composites containing 20% and 30% of filler, the migra-
tion of filler particles may be significantly limited; hence, 
the rheological characteristics may differ from those for 
composites with lower CaCO3 contents. Similar conclu-
sions were drawn in the works [25, 26], but additional 
effects were also attributed to the rotation of the longer 
filler particles. However, as it has been shown, both in the 
analysis of the flow index and in the viscosity curves, in 
the case of symmetrical fillers such as CaCO3, the impact 
of the filler on the rheological and pseudoplastic proper-
ties at high shear rates is different.

When analyzing the viscosity variations from the point 
of view of the application of the filler surface modifier, 
one can notice some degree of influence of stearic acid on 
the viscosity of MC series composites, compared to com-
posites of series UC; this applies to systems with identi-
cal filler content. For each applied filler concentration, 
smaller viscosity values occurred in the flows of com-
posites containing modified calcium carbonate. Figure 
6 shows viscosity variation curves determined for com-
posites containing unmodified and modified CaCO3 in 
the amount of 20 wt%. Modification of the filler surface 
entails a reduction of flow resistance and, thus, a lower-
ing of composite viscosity. For the shear rate 110,000 s-1, 
the difference in the value of ηw between composites UC 
and MC is 0.59 Pa ∙ s. The value of the absolute difference 
in viscosity is not great, but it represents a 10% reduction 
in viscosity compared to composites based on unmodi-
fied filler. Under technological conditions, with fast injec-
tion cycles of thin-walled products, such a difference in 
viscosity may have some technological significance. 

CONCLUSIONS

The investigation results presented in this paper 
describe the effect of the addition of modified and 

unmodified calcium carbonate on the rheological proper-
ties of polypropylene composites, as determined in the 
conditions of high shear rates in the injection moulding 
process. Comparison of processing and rheological char-
acteristics determined by two techniques (off-line and 
in-line measurements) has shown a diverse behavior of 
polymer composites in flows, resulting from a varying 
fill degree, type of applied filler, and measuring range of 
shear rate. The variations in the processability coefficient 
K (being the percentage ratio of composite MFR to poly-
mer matrix MFR) have only partially confirmed changes 
in composite viscosity determined in injection process 
conditions. Therefore, it becomes reasonable to claim that 
measurements conducted using off-line testing apparatus 
(in this case, the dead-weight plastometer) do not reflect 
the direct technological relationships and may deviate 
from the behavior of polymers in processing conditions [9, 
29]. Comparing the obtained results with the previously 
described tests [37], it can also be said that different rhe-
ological characteristics are obtained in in-line measure-
ments carried out in various technological processes. The 
dominant factor influencing the rheological parameters 
(e.g ., η, n) is the shear rate - its ranges. The investigation 
has also demonstrated that the comprehensive rheologi-
cal characteristics require different types of research tech-
niques to be used, and approaching a material’s behavior 
in processing conditions creates the need for conducting 
measurements at the appropriate shear rate magnitudes.
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