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ABSTRACT

Describing the solidification process is very important in polymer processing. In polypropylene (PP), the increase of viscosity, named
stiffening or hardening, is determined by a rise in crystallinity. When PP flows in a channel or is stretched on a chill roll, the stress
induces an anticipated crystallization and thus can lead to an unexpected solidification. This study explores how flow fields influence
the crystallization behavior of PP. A controlled-stress rheometer was used to investigate the effect of short shear stress steps on
crystallization kinetics. The results revealed that applying a stress step significantly increased the rate of crystallization compared to a
non-stressed sample. This acceleration is attributed to the stress-induced orientation of macromolecules, which promotes nucleation.
Furthermore, longer durations of the applied stress led to faster viscosity increases, indicating a higher nucleation density with increased
stress exposure. A mastercurve approach validated the consistency of the model describing the stress-crystallization relationship. The
calculated parameter relating to nucleation density confirmed a linear increase with stress duration, allowing estimation of the

nucleation rate during shear.
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INTRODUCTION

Polypropylene is one of the most used polymers for a vast field of applications due to its unique properties 1=
3]: low cost, low density, good mechanical properties, high durability. Polypropylene can be processed by
injection molding [4] and film casting [5]. In both processes, the polymer solidifies while it is subjected to
intense flow-fields: in injection molding, the melt flows very quickly in narrow cold channels [6], in film
casting the melt is drawn by the chilling rolls where it solidifies [7]. During this cooling phases, the polymer
crystallizes, with dramatic effects on density [8], specific heat and conductivity [9], mechanical and optical
properties [10=13] and rheological parameters [14-16]. The effect of crystallinity on viscosity is particularly
significant for processing, the increase of viscosity due to crystallization can cause an anticipated solidification
[1719]. The crystallization of polypropylene is a phenomenon strongly depending on the thermomechanical
environment in which it takes place [20=22]. The most significant parameter which determines the
phenomenon is the temperature, with an effect on crystallization kinetics normally described by a bell-shaped
curve [23]: the crystallization is very slow at temperature close to the melting point and at temperature close
to the glass transition, and faster at intermediate temperatures [24,25]. Another significant parameter is

pressure, which normally causes an increase of the relevant temperatures [26-28] and consequently affects the
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kinetics of crystallization [12,26]. When the polymers crystallize under a flow field, a third parameter must be
considered, namely the strain which orients the macromolecules and thus increases the crystallization kinetics
[27,29]. The effect of stress on crystallinity of polymer and its significance in polymer processing has been
studied by several methods in the literature [30=32]. The most adopted methods include the measurement of
the evolution of rheological parameters during [33] and after [34] flow. In this work, the evolution of shear
viscosity after short steps of shear stress is used as a method to assess the effect of stress on the crystallization

of a polypropylene.

EXPERIMENTAL
Materials and methods

The material used in this work is a commercial grade of polypropylene produced by Lyondell Basell with the
trade name Hostalen PP H1850. This is a high viscosity resin, with melt flow rate of 1.2 g/10 min suitable for
injection molding of parts with demanding mechanical requirements. The main properties of the resin

according to the technical data sheet are resumed in table 1.

Table 1. Main properties of Hostalen PP H1850.

Physical Property Standard Value
Melt flow rate at 230 °C/2.16 kg 1ISO 1113 1.2g/10min
Density ISO 1183 0.90g/cm?®
Tensile Modulus 1ISO 527 1300MPa
Tensile Stress at Yield 1ISO 527 33MPa
Elongation at Yield 1ISO 527 14%
Charpy Impact Strength N. 23°C 1ISO 179 16KJ/m?
Heat Deflection Temp. B (045MPa Unannealed) ISO 75B 95°C
Vicat Softening Point (A50), 9.81N 1ISO 306 155°C

A TA Instruments CSL 100 controlled-stress rheometer was used to carry out rheological measurements. A
parallel plates geometry was used, with plate diameter equal to 25mm. The viscosity of the polymer was
measured at three different temperatures, 140:C, 170-C and 200C, in dynamic mode in the frequency range
from 0.1 to 100 rad/s.

The effect of flow on crystallization kinetics was assessed by a step shear protocol. The pellets of polymer
were loaded between the two plates of the theometer at 200Cand the gap was adjusted to 1.2mm. The polymer
was then cooled down to 140;C at a cooling rate of about 5:C/min and the gap was finally adjusted to 1mm
before taking out the extra material and starting the test. The test started with a step in which the shear of
20kPa, corresponding to a shear rate of about 1/s, was set in continuous rotation mode. Different times were
chosen for the step: Os (namely a test without shear), 5s, 10s, 20s and 40s. The test at 40s was repeated twice
to assess the reproducibility. After the step, a stress of S00Pa (corresponding to a shear rate of about 0.01/s)
was applied to monitor the viscosity evolution with time. The test was interrupted when the viscosity reached
a value about 20 times larger than the starting value after the shear step. The protocol adopted is reported in

figure 1
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Figure 1. Protocol of temperature and stress applied during the test.
RESULTS AND DISCUTION
Experimental results

The results of the rheological tests are illustrated in Figure 1 as symbols. The viscosity plots exhibit the typical
characteristics of thermoplastic polymers, with a negative slope on a log-log plot, which decreases as the

frequency increases. As expected, the viscosity decreases as the temperature increases.
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Figure 2. viscosity of the polypropylene in function of frequency.
Assuming the validity of the Cox-Merz rule for polypropylene, it is possible to find a relationship between
shear rate and shear stress for the amorphous melt. The relationship is reported in figure 3, from which it is
clear that the shear rate reached during the stress step at 20kPa is about 1/s and the shear rate reached soon

after the shear step is about 0.01/s.
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Figure 3. relationship between shear rate and shear stress for amorphous polymer.

The viscosity measured after the shear step are reported in figure 4. The data are normalized with respect to
the value of the viscosity measured soon after the shear step. It is important to notice that the viscosity measured
before applying the shear step is the same measured after the end of the step.

The results reported in figure 4 show that after a time which depends on the duration of the shear stress step
the viscosity starts to increase. For the test without step at high stress, the viscosity increases after about 2.5h.
The times are significantly shorter for the test in which high stress is applied and decrease on increasing the
duration of the stress, so that for the test in which the shear step lasted 40s the increase of viscosity starts after

about 1h.
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Figure 4 viscosity of the polypropylene during time after the shear step. The test at 40s was repeated twice

to assess the reproducibility.
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The increase of viscosity is related to the increase of crystallinity, according to the phenomenon which is

named hardening [35] or stiffening in the literature [14].



Analysis of results
The description of the increase of viscosity by effect of crystallization can be expressed by the following

equation [35,36]:

n(T.7.a)=n(T.7.a=0)exp(ac’) (1)

where T is the temperature, y is the shear rate, @ the crystallinity degree and a and b are constant

parameters.

It can be assumed that the crystallinity evolution can be described by the Kolmogorov equation [37]:
4 et . t 3
a_l—exp[—T'foN(S)USG(u)du} dsj ()
where N is the nucleation rate and G the growth rate of the spherulitic structures.
The nucleation rate of polypropylene is a function of the stress: it is nearly zero at low stress levels, namely
when the flow is not strong enough to induce orientation [38], and it is constant if the stress is constant [39].

The growth rate is normally assumed to be a function of temperature. The evolution of crystallinity after the

shear step, namely in nearly quiescent and isothermal conditions, can be thus expressed as

a:l—exp(—%” NSG3t3j (3)

where N, is the nucleation density reached at the end of the shear step.

On the basis of equations 3 and 1 it can be stated that the results reported in figure 4 should collapse on a single

mastercurve when reported versus kgt in which ks is a constant which is different for each test and given by

k. =3—2 4)

where N, is the nucleation density of the sample when no shear stress is applied (quiescent).

This procedure is applied to obtain figure 5. It can be noticed that indeed a mastercurve can be obtained if a

suitable parameter k; is chosen for each test.
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Figure 5 mastercurve of the results reported in figure 4, when time is shifted by a parameter ks depending on
the test

The values of the parameter ks for each test is reported in table 2.

Table 2. Values of the parameter ks to obtain the mastercurve reported in figure 5.

Duration of shear stress step

ins Ks
0 1
5 1.17
10 1.35
20 1.65
40 1.95
40 (2" test) 1.88

According to equation 4, the cube of the parameter k; is the nucleation density at the end of the stress shear
step. The nucleation density is reported in figure 6 against the duration of the stress shear. It can be noticed
that the slope is linear. This suggests that indeed the nucleation rate during the shear is a constant, and also
allows to calculate its value as 0.152. Eq. 5 describes the effect of time on the nucleation density during a stress
shear step of 20KPa, corresponding to about 1/s of shear rate. The nucleation rate during the step is given by

eq. 6.
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The value found for the slope is obviously depending on temperature, shear stress and on the particular material

grade. However, the result is consistent with literature indications considering that Kosher and Fulchiron [40]

found that the number of nuclei generated after a shear step of 10s at 1/s and 140+C was 40 times the number

of nuclei in quiescent conditions (namely a slope of 4 instead of 0.152), whereas Boutaous et al. [41] found

that the number of nuclei generated after a shear step of 3560s at 1/s and 138+C was about 140 times the

number of nuclei in quiescent conditions (namely a slope of 0.04 instead of 0.152).

CONCLUSIONS

This study investigated the effect of flow on the crystallization kinetics of polypropylene using a controlled-

stress rheometer. The key findings are summarized below:

Applying a short step shear stress significantly increased the rate of polypropylene crystallization
compared to a non-stressed sample. This phenomenon is attributed to stress-induced orientation of
macromolecules, which promotes nucleation.

The increase in viscosity, due to crystallization, occurred faster with longer durations of the applied
shear stress. This suggests a higher nucleation density with longer stress exposure.

By shifting the time axis based on a calculated parameter (ks), the viscosity data for all tests collapsed
onto a single mastercurve. This confirms the consistency of the model describing the stress-
crystallization relationship.

Nucleation Rate Estimation: The ks parameter, related to the nucleation density at the end of the shear
step, increased linearly with stress duration. This allowed for the estimation of the nucleation rate

during shear to be 0.152/s N, being N, the number of nuclei in quiescent conditions. This value is in the

range reported in the literature.



These findings provide valuable insights into the influence of flow fields on polypropylene crystallization
behavior. The observed stress-induced enhancement in crystallization kinetics can be crucial for optimizing

processing conditions in applications like injection molding and film casting.

CONFLICTS OF INTEREST

The author has no competing interests to declare that are relevant to the content of this article.

REFERENCES

1. Mollova A, Androsch R, Mileva D, Gahleitner M, Funari SS (2013) Crystallization of isotactic
polypropylene containing beta-phase nucleating agent at rapid cooling. Eur Polym J 49: 1057-1065

CrossRef
2. Mileva D, Tranchida D, Gahleitner M (2018) Designing polymer crystallinity: An industrial perspective.

Polym Cryst 1: 1216 [CrossRef]

3. Maddah HA (2016) Polypropylene as a promising plastic: A review. Am J Polym Sci 6: 111 [CrossRef

4. Pantani R, Speranza V, Coccorullo I, G Titomanlio (2002) Morphology of injection moulded iPP samples.

Macromol Symp 185: 309326 [CrossRef

5. Gloger D, Rossegger E, Gahleitner M, Wagner C (2020) Plastic drawing response in the biaxially oriented

polypropylene (BOPP) process: polymer structure and film casting effects. Journal of Polymer Engineering

40: 743-752 [CrossRef]

6. Pantani R, Speranza V, Titomanlio G (2001) Relevance of mold-induced thermal boundary conditions and

cavity deformation in the simulation of injection molding. Polym Eng Sci 41: 2022-2035 [CrossRef

7. Houichi H, Maazouz A, Elleuch B (2015) Crystallization behavior and spherulitic morphology of

poly(lactic acid) films induced by casting process. Polym Eng Sci 55: 18811888 [CrossRef

8. Pantani R, Titomanlio G (2001) Description of PVT behavior of an industrial polypropylene <EPR

copolymer in process conditions. J Appl Polym Sci 81: 267278 [CrossRef

9. Hieber CA (2002) Modeling/simulating the injection molding of isotactic polypropylene. Polym Eng Sci

42:1387 1409 [CrossRef]

10. Tozzino V, De Santis F, Volpe V, Pantani R (2018) PLA-Based Nanobiocomposites with Modulated

Biodegradation Rate. In: Advances in Bionanomaterials, pp 51-60 [CrossRef

11. De Santis F, Volpe V, Pantani R (2017) Effect of molding conditions on crystallization kinetics and

mechanical properties of poly (lactic acid). Polym Eng Sci 57: 306311 [CrossRef

12. Caelers HJ, Govaert LE, Peters GW (2016) The prediction of mechanical performance of isotactic

polypropylene on the basis of processing conditions. Polymer 83: 116-128 [CrossRef]

13. Speranza V, Sorrentino A, De Santis F, Pantani R (2014) Characterization of the polycaprolactone melt

crystallization: Complementary optical microscopy, DSC, and AFM studies. Sci World J 2014: 720157
CrossRef

14. Billon N, Castellani R, Bouvard JL, Rival G (2023) Viscoelastic properties of polypropylene during

crystallization and melting: Experimental and phenomenological modeling. Polymers (Basel) 15: 3846
CrossRef

15. Pantani R, Speranza V, Titomanlio G (2014) Evolution of iPP relaxation spectrum during crystallization.

Macromol Theory Simul 23: 300306 [CrossRef

16. Roy D, Audus DJ, Migler KB (2019) Rheology of crystallizing polymers: The role of spherulitic
superstructures, gap height, and nucleation densities. J Rheol 63: 851-862 [CrossRef]

17. Pantani R, Speranza V, Titomanlio G (2015) Simultaneous morphological and rheological measurements
on polypropylene: Effect of crystallinity on viscoelastic parameters. J Rheol 59: 377-390 [CrossRef

18. Speranza V, Liparoti S, Pantani R, Titomanlio G (2019) Hierarchical structure of iPP during injection

molding process with fast mold temperature evolution. Materials 12: 12030424 [CrossRef]

19. Volpe V, De Filitto M, Klofacova V, De Santis F, Pantani R (2018) Effect of mold opening on the

properties of PLA samples obtained by foam injection molding. Polym Eng Sci 58: 475484 [CrossRef

20. Viana JC, Cunha AM, Billon N (2002) The thermomechanical environment and the microstructure of an
injection moulded polypropylene copolymer, Polymer (Guildf) 43: 41854196 [CrossRef


https://doi.org/10.1016/j.eurpolymj.2013.01.015
https://doi.org/10.1002/pcr2.10009
https://d1wqtxts1xzle7.cloudfront.net/51642581/10.5923.j.ajps.20160601.01-libre.pdf?1486265179=&response-content-disposition=inline%3B+filename%3DPolypropylene_as_a_Promising_Plastic_A_R.pdf&Expires=1717492719&Signature=RoKAMVYfX6k5W8W2B3yJJMdp3ue9~AptgvAt2kGfxieKe-70frrcPheFvYkXpU~maCExZ7pN5EByQ9SXgq8WjaaOQcUhexChmFlyeoJBD3Ex9Sc~9xodycbz2QMiHxfSvWnTirFqbd7RD-3lWIWkf2w0EneEChd0~vFqayz~asUxVn0RcgxoYGcsF9zpvlt5YMhIx3Q98NUAUIrK5JQ4MBk5wZLnnW7-sVDDVXY1qIvHzDjKp58Pm-pId9kFlmzebrP83cieawel-hNCI~4JuUGGO1SzR41yAiQy-HSJg2syTHD9mT3RSDakxQHq0HpO-~OjybWUek~rIniIb6qORw__&Key-Pair-Id=APKAJLOHF5GGSLRBV4ZA
https://doi.org/10.1002/1521-3900(200208)185:1%3c309::AID-MASY309%3e3.0.CO;2-G
https://doi.org/10.1515/polyeng-2019-0220
https://doi.org/10.1002/pen.10898
https://doi.org/10.1002/pen.10898
https://doi.org/10.1002/pen.24028
https://doi.org/10.1002/app.1438
https://doi.org/10.1002/pen.11039
https://doi.org/10.1007/978-3-319-62027-5_5
https://doi.org/10.1002/pen.24414
https://doi.org/10.1016/j.polymer.2015.12.001
https://doi.org/10.1155/2014/720157
https://doi.org/10.3390/polym15183846
https://doi.org/10.1002/mats.201300147
https://doi.org/10.1122/1.5109893
https://doi.org/10.1122/1.4906121
https://doi.org/10.3390/ma12030424
https://doi.org/10.1002/pen.24730
https://doi.org/10.1016/S0032-3861(02)00253-7

21. Vietri U, Sorrentino A, Speranza V, Pantani R (2011) Improving the predictions of injection molding

simulation software, Polym Eng Sci 51: 25422551 [CrossRef

22. Pantani R, Speranza V, Titomanlio G (2001) Relevance of crystallisation kinetics in the simulation of the

injection molding process, Int Polym Proces 16: 6171 [CrossRef

23. Derakhshandeh M, Mozaffari G, Doufas AK, Hatzikiriakos SG (2014) Quiescent crystallization of

polypropylene: Experiments and modeling, J Polym Sci Pol Phys 52: 12591275 [CrossRef]

24. Xu J, Srinivas S, Marand H, Agarwal P (1998) Equilibrium Melting Temperature and Undercooling

Dependence of the Spherulitic Growth Rate of Isotactic Polypropylene. Macromolecules 31: 8230-8242
CrossRef

25. Hieber CA (1995) Correlations for the quiescent crystallization kinetics of isotactic polypropylene and

poly(ethylene terephthalate). Polymer (Guildf) 36: 1455-1467 [CrossRef

26. Sorrentino A, Pantani R (2009) Pressure-dependent viscosity and free volume of atactic and syndiotactic

polystyrene. Rheol Acta 48: 467-478 [CrossRef

27. Zhong G-J, Yang S-G, Lei J, Li Z-M (2024) Flow-induced polymer crystallization under pressure and its

engineering application in s structuring. . Macromolecules 57: 789-809 [CrossRef

28. R. Pantani, A. Sorrentino (2005) Pressure effect on viscosity for atactic and syndiotactic polystyrene,

Polym Bull 54: 365-376 [CrossRef

29. Hamad FG, Colby RH, Milner ST (2015) Onset of flow-induced crystallization kinetics of highly

isotactic polypropylene. Macromolecules 48: 3725-3738 [CrossRef]

30. Nie C, Peng F, Cao R, Cui K, Sheng J, Chen W, Li L (2022) Recent progress in flow-induced polymer

crystallization. J Polym Sci 60: 3149-3175 [CrossRef]

31. Speranza V, De Santis F, Pantani R (2024) Effect of isothermal shear flow on morphology evolution of

an isotactic polypropylene, Polymer (Guildf) 295: 126752 [CrossRef

32. De Santis F, Pantani R, Titomanlio G (2016) Effect of shear flow on spherulitic growth and nucleation

rates of polypropylene. Polymer (Guildf) 90: 102-110 [CrossRef

33. Boutaous M, Bourgin P, Zinet M (2010) Thermally and flow induced crystallization of polymers at low

shear rate. J] Nonnewton Fluid Mech 165 (2010) 227-237 [CrossRef

34. Roozemond PC, van Drongelen M, Verbelen L, Puyvelde VP, Peters GWM (2014) Flow-induced

crystallization studied in the RheoDSC device: Quantifying the importance of edge effects. Rheol Acta 54:
1-8 [CrossRef

35. Cust! dio FJMF, Steenbakkers RJA, Anderson PD, Peters GWM, Meijer HEH (2009) Model

development and validation of crystallization behavior in injection molding prototype flows. Macromol

Theory Simul 18 (2009) 469-494 [CrossRef

36. Zhou YG, Shen CY, Liu CT, Li Q, Turng LS (2010) Computational modeling and numerical simulation

of flow-induced crystallization kinetics during injection molding of polyethylene terephthalate. J Reinf Plast

Compos 29: 76-85 [CrossRef

37. Tanner RI, Qi F (2005) A comparison of some models for describing polymer crystallization at low

deformation rates, J Nonnewton Fluid Mech 127: 131141 [CrossRef

38. Volpe V, Foglia F, Pantani R (2021) Flow-induced crystallization of a Poly(Lactic acid): Effect of the

application of low shear rates on the polymorphous crystallization. Polymer (Guildf) 229: 123997 [CrossRef]

39. Ma Z, Steenbakkers RJA, Giboz J, Peters GWM (2011) Using rheometry to determine nucleation density

in a colored system containing a nucleating agent, Rheol Acta 50: 909-915 [CrossRef]

40. Koscher E, Fulchiron R (2002) Influence of shear on polypropylene crystallization: morphology

development and kinetics, Polymer (Guildf) 43: 6931-6942 [CrossRef

41. Boutaous M, Bourgin P, Zinet M (2010) Thermally and flow induced crystallization of polymers at low

shear rate, ] Nonnewton Fluid Mech 165: 227-237 [CrossRef


https://doi.org/10.1002/pen.22035
https://doi.org/10.3139/217.1620
https://doi.org/10.1002/polb.23560
https://doi.org/10.1021/ma980748q
https://doi.org/10.1016/0032-3861(95)95925-Q
https://doi.org/10.1007/s00397-009-0348-x
https://doi.org/10.1021/acs.macromol.3c01846
https://doi.org/10.1007/s00289-005-0397-y
https://doi.org/10.1021/acs.macromol.5b00386
https://doi.org/10.1002/pol.20220330
https://doi.org/10.1016/j.polymer.2024.126752
https://doi.org/10.1016/j.polymer.2016.02.059
https://doi.org/10.1016/j.jnnfm.2009.12.005
https://doi.org/10.1007/s00397-014-0820-0
https://doi.org/10.1002/mats.200900016
https://doi.org/10.1177/0731684408096419
https://doi.org/10.1016/j.jnnfm.2005.02.005.
https://doi.org/10.1016/j.polymer.2021.123997
https://doi.org/10.1007/s00397-010-0506-1
https://doi.org/10.1016/S0032-3861(02)00628-6
https://doi.org/10.1016/j.jnnfm.2009.12.005

