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ABSTRACT 

Isotactic polypropylene (iPP) melts are industrial semicrystalline polymers whose processing 

typically involves strong shear flows. The study of the rheological response of iPP melts, well beyond 

the linear viscoelastic limit, is limited by edge fracture which manifests in rotational rheometers. In 

this work, we used a reflection polariscope under shear to detect the onset shear rate at which edge 

fracture is observed, for various rotational rheometry fixture diameters. The onset shear rate for edge 

fracture was found to correlate with the zero-shear viscosity, enabling the prediction of edge fracture 

by only knowing the zero-shear viscosity; a quantity which is easier to measure compared to the 

second normal stress difference. Edge fracture is then mitigated by using a cone-partitioned plate, 

which enabled the study of the first normal stress difference, and in combination with capillary 

rheometry, allowed the measurement of flow curves with very well-resolved shear thinning region. 

For strongly polydisperse iPPs at high shear rates, we found that viscosity scales as the -0.7 power of 

shear rate, while primary normal stress difference scales as the square root of shear rate. The 

dependence of the shear thinning of isotactic polypropylenes on polydispersity was then unravelled, 

offering a broad set of data to develop and test molecular models. 
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INTRODUCTION  

Unit operations in polymer processing such as injection molding and film blowing promote strong 

flow fields to the processed materials. Isotactic polypropylene (iPP) is a large volume commodity 

polymer employed in many everyday products. Its simple chemical structure with strictly linear 

chains and semicrystalline nature, makes it one of the most suitable model systems to investigate 

flow-induced crystallization (FIC) [1–16].  

The study of FIC in a rotational rheometer is complicated because of elastic instabilities which 

typically manifest at the sample/gas interface as a result of unbalanced forces: the second normal 

stress difference overcomes the surface tension that keeps stable the rim of the sample during the 

shear flow [17,18]. This phenomenon is commonly known as edge fracture and is responsible for a 

strong distortion of the flow field during shear rheological experiments of viscoelastic materials 

[17,19–21]. Over the years, many contributions have been focusing on the nature of edge fracture and 

ploys to avoid or at least minimize its effect on the measurement of rheological properties [18,22–

25]. Edge fracture materializes in nonlinear shear experiments in both polymer melts and solutions, 

as well as in pastes and greases [20]. A typical fingerprint of edge fracture manifests in steady-shear 

experiments as a continuous drop of the shear stress (or shear viscosity) over time, without eventually 

reaching any steady-state. This is due to a continuous loss of sample from the measuring area. In 

particular cases, where the shear flow is utilized as a promoting agent for morphological changes in 

the system, the presence of edge fracture precludes a simple shear flow, a necessary condition to study 

both FIC and the shear rate dependence of viscosity. Mykhaylyk et al. [27] studied how edge fracture 

perturbs FIC and how this is reflected in the X-ray scattering patterns. 

 

Edge fracture is not easy to predict. Hutton [21], Tanner and Keentok [17] observed that edge fracture 

occurs when the second normal stress difference (N2) exceeds a critical value (N2,c) which is a 

function of the surface tension of the fluid and the fracture diameter [17], as well as temperature and 

shear rate [23]. A simplified relation for N2,c writes [17]: 

 2,

2

3
cN
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=   (1) 

where  is the surface tension and a is the radius of a semi-circular indentation that occurs during 

edge fracture (see Figure 1). When a is equal to half of the gap at the perimeter of the plate-plate 

geometry (or cone-plate), the fracture occupies the full width of the gap at the rim, constituting the 

extreme case. The estimation of a represents the main challenge in using this approach [17]. 
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Figure 1. Schematic illustration of the edge fracture phenomenon in a parallel plate geometry.  is 

the angular velocity, h is the measuring gap, r is radial position of the plate, and a is radius of the 

semi-circular indentation that occurs during edge fracture, according to Tanner and Kentook [17]. 

 

A more recent approach proposed by Hemmingway and Fielding [18], expresses the critical 

conditions for edge fracture as: 
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where  is the shear stress and h is the measuring gap. While the shear stress is a directly measured 

quantity, the measurement of the second normal stress difference in rotational rheometers is 

nontrivial; it requires special rheometry and analysis [23,25-26,28]. We here suggest the interesting 

correlation between the onset of edge fracture and the zero-shear viscosity to predict edge fracture, 

rather than the measurement of the second normal stress difference.  

Predicting and minimizing edge fracture is essential for fundamental studies on the shear thinning of 

polydisperse polymers. There is no universal description leading to scaling laws for shear thinning in 

polymer solutions and melts. The onset of viscosity thinning occurs when the shear rate (�̇�) is higher 

than the inverse of the Rouse time (1/) of the longest chains in the system (proven to coincide with 

the τ from the Cross model fits for iPP1,3,4,5,6 in Ref. [15]). In other words, the thinning happens 

when a substantial fraction of polymer chains is oriented and stretched in the flow direction [29]. The 

Doi-Edwards tube model [30] predicts a shear thinning regime with 
1.5~  −

 based on the segmental 

orientation of the chain in the flow direction, which relaxes on the time scale of the reptation time, 

along with an instantaneous retraction of the chain inside the deformed tube. However, this prediction 

yielded an overestimation of the observed shear thinning. Subsequently, the instant retraction of the 

stretched chain was substituted with a Rouse retraction of the chain at a time scale equal to the Rouse 

time [31,32]. Such a modification reduced the gap between experiments and predictions, with a power 
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law shear thinning ~ m  −
 but still, the predicted shear thinning exponent m > 1. A significant 

improvement was obtained by introducing the concept of convective constraint release (CCR) 

conceived by Marrucci [33] and recently revised by Marrucci and Ianniruberto [34,35]. CCR refers 

to the mechanism by which entanglements are released as a result of convective flow acting on the 

chains surrounding a test chain. The CCR model predicted a shear thinning exponent m < 1 [36]. 

However, due to the presence of an adjustable parameter in the CCR model (accounting for the 

severity of the CCR), a single value of the thinning exponent m does not emerge. Nevertheless, by 

including CCR in the tube theory for linear entangled polymers, good agreement with experimental 

results was reported [36]. Experiments on nearly monodisperse entangled polymer melts and 

solutions reported a shear thinning exponent between 0.8 and 0.9 [22,37,38,39]. However, the effect 

of the molecular weight distribution on the shear thinning is not thoroughly explored [40,41], in part 

because of the challenge in obtaining reliable steady shear viscosity data at very high shear rates. 

In the present work, six entangled isotactic polypropylene melts with different molecular 

characteristics were used to investigate edge fracture and shear thinning above the nominal melting 

temperature (Tm ~ 168 °C). The presence of flow instabilities was first investigated by means of a 

Shear-Induced Polarized Light Imaging (SIPLI) setup [42,43], to define the limit of shear rates where 

edge fracture occurs. We find that the critical shear rate for edge fracture correlates with the zero-

shear viscosity. Subsequently, the minimization of edge fracture in the measuring area was achieved 

by using a cone-partitioned plate (CPP) [22,25]. The use of the CPP allowed to measure steady-state 

viscosity for long times, nearly unaffected by edge fracture. Finally, the combination of different 

rheological techniques, including the use of the CPP and a capillary rheometer, enabled the creation 

of flow curves covering six decades in shear rate; from the Newtonian plateau to a very well-resolved 

power law shear thinning regime. This experimental result is thought to be significant for studying 

the shear thinning of the steady state viscosity of thermoplastic polymer melts, and to motivate the 

development of molecular models.  

EXPERIMENTAL 

Materials. Six commercial linear isotactic polypropylene samples were used. Samples are coded iPP 

followed by a number from one to six. iPP 1-5 were studied in Refs. [4,5,12], iPP 6 in Ref. [15]. 

Molecular characteristics and linear viscoelastic properties (at 170 °C) are reported in Table 1 as well 

as the xylene-soluble fraction (XS), which is indicative of tacticity. The small amplitude oscillatory 

shear response at 170 °C is reported in Figure S1 in the Supporting Information. Differential scanning 

calorimetry (DSC) curves and size-exclusion chromatography are discussed elsewhere [4,5,12,15]. 
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Reported values for the equilibrium melting (
0

mT ), nominal melting (Tm) and glass transition (Tg) 

temperatures are 187±2 °C [43], ~168 °C [15], and -35 < Tg < 10°C [44], respectively. 

 

Rheology. Rheological experiments were all performed at 170 °C, slightly above the nominal highest 

melting temperature (Tm ~ 168 °C) [15]. Samples were subjected to an annealing process at 220 °C 

for 10 minutes (well above the equilibrium melting temperature ~ 187 °C [44]) prior to any 

measurements, to partially remove thermal and shear histories [4,15]. The same temperature was used 

to prepare disks to facilitate the sample loading in the rheometer. Samples were press-molded for 

twenty minutes in a glove box under nitrogen, into 8 or 25 mm disks with ~ 1 mm thickness. Oxygen-

free environment was guaranteed for both sample preparation and rheological tests in order to 

minimize oxidation. 

Table 1. Molecular characteristics and viscoelastic properties 

of isotactic polypropylene samples 

iPP       

w [kg/mola 440 158    b 

wn
c 7.2 3.7     

Mmax [kg/mold 16000 2500 11000 27000 21000 / 

Z=Mmax/Me 3000 476 2100 5300 3900 / 

XS (%)e 3.3 1.9 2.2 1.7 4.8 3.6 

 [kPa s]f 23 1.6 5.5 35 100 170 

 sf 0.79 0.034 0.44 1.6 6.42 10 

m 0.71 0.85 0.7 0.7 0.7 0.7 

R,max sg 1.39 0.09 0.66 4.14 2.38 / 

term sh 0.13 0.006i 0.019 0.15 0.30 0.59 

a Weight-average molecular weight (Mw) values for iPP 1-5 are taken from Ref. [5]. b The Mw for iPP6 was calculated 

from the dependence of the zero-shear viscosity, 0, on Mw (see Equation 5) as in Ref. [15]. cMw/Mn are taken from Ref. 

[5]. dMmax represents the high-Mw tail from SEC (see Refs. [5]and [15]). eXylene soluble fraction was taken from Ref. 

[15] for iPP 1-6, fThe relaxation time,  and the zero-shear viscosity, 0, were estimated from the fit of the flow curves 

to the Cross model [15]. gR,max is the Rouse time associated with the high-Mw tail ( )
2

,max max /R e eM M =  where e 

is the entanglement strand Rouse time and Me is the molecular weight of an entanglement strand. Previous work [4,15] 

fit oscillatory shear data to BoB using the molecular weight distribution and reports e = 1.5 x 10-7 s at 170 °C and Me = 

5250 g/mol. hterm is the terminal relaxation time estimated as the inverse of the frequency at the dynamic moduli 

crossover (see Figure S1 in the Supporting Information and Ref. [5]). i This value is taken from Ref. [5].  

 

Shear-induced polarized light imaging (SIPLI). Rheo-optical measurements were performed in a 

Physica MCR 502 (Anton Paar) equipped with a reflection polariscope. This device from Anton Paar 

is known as Shear-Induced Polarized Light Imaging (SIPLI) [42,43]. The SIPLI setup consists of a 
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transparent glass bottom plate (viewing window) and an upper 25 mm diameter stainless steel mirror-

polished plate which provides the shear flow to the system and reflects the transmitted light. In 

addition, the polariscope comprises a white light source (SugarCube™), a linear polarizer, a beam 

splitter, a mirror (in this case the polished surface of the plate), a linear analyzer, a collimating lens 

(to make the illuminating rays of the light source parallel) and a CCD camera (Lumenera Lu165C 

color CCD camera) which detects the reflected light. The light is transferred from the light source to 

the SIPLI setup by means of an optical 6 mm diameter light-guide. The polarization axes of the 

analyzer and polarizer can be easily regulated from parallel (0°) to orthogonal (90°) for quantitative 

birefringence measurements under shear. In this work, the SIPLI setup was used for quantifying 

birefringence under shear and to monitor edge fracture. The temperature was precisely controlled by 

an electric heater that surrounds the bottom glass plate, in combination with a hood fed with nitrogen 

gas to minimize sample degradation. The use of a parallel plate for nonlinear shear measurements, 

although not preferable, has the advantage of accessing various shear rates with one single 

experiment. Indeed, the actual shear rate at any given radial position r is given by ( ) /r r h =  , 

where h is the gap height and  the angular velocity.  

Cone Partitioned Plate (CPP). Shear flow experiments, with minimized edge fracture in the 

measuring area, were obtained by means of a rotational rheometer equipped with a home-made cone 

partitioned plate (CPP). This geometry consists of a 6 mm diameter inner plate that is connected to 

the transducer and a 20 mm corona installed in a hollow bridge connected to the top part of the 

rheometer which hosts the transducer. The gap between the partitions is around 80 m. The torque is 

sensed only by the inner plate. More details on the CPP design, operation and typical uses are reported 

elsewhere [25,46,47]. We used a strain-controlled ARES-LS rheometer (Rheometrics) equipped with 

a force rebalance transducer (2KFRTN1). The temperature was controlled by means of an ARES 

convection oven that can easily accommodate the cone partitioned plate geometry. The oven was fed 

with a heated stream of nitrogen gas providing an accuracy of ± 0.1 °C. The cone installed in the 

bottom part of the rheometer (connected to the motor) was a 25 mm diameter stainless steel cone with 

an angle of 0.05 rad and a truncation gap of 53 m. Start-up shear experiments were performed at 

170 °C (see Figures S7-S11 in the Supporting Information).  

Capillary Rheometer. A Rosand dual barrel capillary rheometer (RH10 from Malvern) was used to 

study the rheology of the iPP samples in Poiseuille flow. Two circular dies of radius 0.5 mm, which 

have lengths of 10 mm and 0.25 mm for sample pressure and reference pressure, were used in parallel 

at identical volumetric flow rates. The Bagley correction was taken into account by subtracting the 

entrance pressure drop from the pressure measured during the test, following Cogswell [48]. More 
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extended information on flow correction methods are reported elsewhere [49]. Tests were conducted 

at 170 °C after 10 minutes annealing at 220 °C to load each barrel with bubble-free melt.  

 

RESULTS AND DISCUSSION 

Edge Fracture  

Figure 2 shows flow curves at 170 °C in parallel plate geometry for three representative 

polypropylene samples, iPP1, iPP3 and iPP6 (flow curves of the other samples are reported in the 

next section). Due to the fact that instabilities emerge as the shear rate increases, we refrain from 

affirming that each data point in Figure 2 represents a steady-state value, especially at high shear 

rates. In light of this we refer to an “apparent” viscosity. Nevertheless, all the samples enabled 

estimation of the zero-shear viscosity, given the presence of a clear Newtonian plateau at low shear 

rates, unaffected by instabilities. In fact, the inset of Figure 2 displays the zero-shear viscosity 

dependence on Mw for iPP1-5 along with iPP data taken from the literature [50–52] at 170 °C. Such 

a dependence follows a 3.4 power-law, expected for entangled linear polymer chains in the molten 

state [53,54]. The following relation was found for the zero-shear viscosity of iPP at 170 oC with Mw 

in kg/mol from Table 1: 

   (3) 

When the shear rate reaches a value in the range 0.5 – 1 s-1 a strong shear thinning is detected. For 

iPP1 and iPP3 the thinning regime is characterized by a slope equal to -1 (see dashed line in Figure 

2), a signature of some flow instability. In fact, for the higher Mw iPP6 such a slope is even more 

pronounced, making the high-shear rate data non-reproducible because of instabilities. Live imaging 

of the samples under shear identified the cause of this anomalous material response as edge fracture.  

Figure 3 depicts the procedure we followed to determine the onset shear rate for edge fracture. In 

particular, Figure 3 shows the flow curve obtained for the iPP1 sample (images for the other samples 

are reported in Figures S2-S6 in the Supporting Information) in terms of apparent shear viscosity and 

shear stress, along with birefringence images taken at specific shear rates, corresponding to the solid 

symbols shown in the flow curve. 

At very low shear rates (~10-3 s-1), the sample is uniform and evenly distributed in the measuring area. 

At the shear rates 3.16 s-1, edge fracture commences and it coincides with the decrease in viscosity. 

Note that the apparent shear thinning of steady state viscosity is significantly enhanced by edge 

5 3.4

0 4.5 10    (Pa s)wM −=  
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fracture. Remarkably, at 10 s-1), a substantial amount of the sample was already expelled from the 

measuring area and the apparent viscosity dropped by one order of magnitude compared to the zero-

shear viscosity value. The magnitude of the flow instability increases with the weight-average 

molecular weight of the sample. It is important to notice that for some systems, as the shear rate 

increases, a change in the birefringence pattern can be observed, see for instance the iPP1 sample in 

Figure 3. Stress-induced birefringence can result in a colorful pattern and a few orders of colored 

fringes may be detected (light retardancy). Isochromatic circular fringes correspond to the lines of 

constant normal stress differences [43], typical of many polymeric systems [42]. Focusing on iPP1, 

it is possible to quantify birefringence by using the Michel-Levy chart [55] knowing the light path 

(twice the measuring gap) and the color (light retardancy). For the two last images of iPP1, the 

birefringence at the still visible rim of sample takes values of 1.8x10-4, and 2.5 x10-4, the same order 

of magnitude estimated for polyethylene, another semicrystalline polyolefin [43], above the melting 

temperature. 
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Figure 2. Apparent viscosity as a function of perimeter shear rate for iPP1 (green rectangles), iPP3 

(black circles) and iPP6 (blue triangles) samples at 170 °C in parallel plate geometry. Inset: 

Dependence of the zero-shear viscosity on Mw for iPP1,2,3,4,5 (open red circles), where grey solid 

circles, blue square and green triangles are taken from literature [50–52].  
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Figure 3. Flow curve in terms of apparent viscosity and shear stress as functions of shear rate at the 

perimeter of the parallel plates for iPP1 at 170 °C, obtained with 25 mm parallel plates. Birefringent 

images correspond to the solid symbols in the two plots, as indicated by the red arrows. The perimeter 

shear rate increases clockwise with the values: 0.002, 0.02, 0.5, 2.5, 7.6, 15.5, 45.3, 93.8 s-1. 

Figure 4 displays the shear rate at the onset of edge fracture as a function of the zero-shear viscosity 

at 170 °C. It was observed that, as the zero-shear viscosity increases, the onset of edge fracture is 

observed at a lower shear rate. This suggests that the onset of edge fracture can be also predicted for 

iPP at 170 oC by knowing the zero-shear viscosity of the sample, which is by far simpler to measure 

compared to the second normal stress difference N2. For various measuring systems, Figure 4 reports 

the onset shear rate for edge fracture c : 

 
0.55

0c A  −=   (4) 

with η0, being the zero-shear viscosity in Pa·s, and A a prefactor that depends on geometry, measuring 

gap, temperature and material. The prefactor A takes the value of 173, 790, and 62000 at 170 °C for 

25 mm, 8 mm parallel plates, and 6 mm CPP, respectively. Poly(ether ether ketone) (PEEK) melts 

reported in Parisi et al. [56,57], as well as some monodisperse linear polystyrene (PS) melts, measured 

also with a 6 mm CPP, display the same relation between the onset of edge fracture and zero-shear 

viscosity. Poly(ether ether ketone) refers to 370 oC, above the nominal melting temperature, with A 

equal to 9200, whereas polystyrene melts refer to 160 °C, with A equal to 95000. This points to the 

direction for which the correlation between onset of edge fracture and zero-shear viscosity may prove 

to be a universal feature of entangled polymers. Note that isotactic polypropylene has a strict linear 
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chain architecture, whereas poly(ether ether ketone) synthesized by means of polycondensation, may 

have branches. The measuring gap for parallel plate geometries was set to 1 mm, whereas for the 

cone-partitioned plate is fixed to the required truncation gap of 0.053 mm. Intuitively, the ratio 

between the different prefactors reflects the gain in  when the diameter of the plate is reduced, or 

the cone-partitioned plate is used. There are three remarks that follow. Once the system, temperature, 

geometry and gap are chosen, only one experiment is needed; the onset shear rate for edge fracture 

for another sample can be calculated as 

0.55

0,1

,1 ,2

0,2

c c


 



−

 
=   

 
, with 1 and 2 being two generic samples 

with different zero-shear viscosity. By combining Eqs. 3 and 4, it is also possible to establish the 

dependence of the onset shear rate for edge fracture on Mw, 
2.85

c wM , simplifying further the 

prediction of edge fracture in any particular geometry at any particular temperature. Quantitative 

prediction of A is far from trivial. We note in particular the significant difference in the prefactor A 

between 25 mm parallel plates and 6 mm cone-partitioned plate. Indeed, the reduction of the plate 

diameter, as well as the measuring gap has a remarkable impact on the onset edge fracture [20, 58] 

and perhaps even more important is the presence of the partitioned plate, which apparently delays 

further edge fracture effects in the measuring area.  
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Figure 4. Onset shear rate for edge fracture c  as a function of the zero-shear viscosity 0 for samples 

iPP1,2,3,4,5,6 at 170 °C obtained with 25 mm (open blue squares), and 8 mm (filled circles) top 

c
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plates, and 50 mm bottom glass plate. Data acquired with a 6 mm cone-partitioned plate (CPP) are 

reported as filled green triangles. The measuring gap for the parallel plates was 1 mm besides the 

diameter of the top plate, whereas for the CPP was fixed to 0.053 mm. Data for PEEK melts at 370 

oC from Refs. [56,57], and linear polystyrene melts at 160 oC are also reported as filled pentagons 

and squares, respectively. Dashed lines represent Equation 4 with different prefactors discussed in 

the text. 

Shear Rate Dependence of Viscosity and First Normal Stress Difference 

Investigating the material response when subjected to strong flow fields is very important for polymer 

processing and fabrication of polymeric materials, since the final properties and residual stresses are 

affected by the processing conditions. Flow instabilities often limit the range of shear rates to low 

values in rotational rheometers (< 1 s-1 in the present case). Figure 5 shows flow curves for samples 

iPP1,2,3,4,5,6 obtained by combining different rheological techniques and instruments. The range of 

shear rate covers six decades; from the Newtonian plateau to a clear shear thinning regime. Note that, 

unlike previous works, where flow curves were obtained either by means of time-temperature 

superposition [59], or capillary rheometry at high temperature [60, 61], the present strategy allows 

the measurement of flow curves well below the equilibrium melting temperature (~ 187 °C), enabling 

studies of flow-induced crystallization nearly unaffected by edge fracture. Flow curves are well 

captured by a phenomenological expression like the Cross model [62]: 

 ( )
( )

0

1
m


 


=

+
  (5) 

where 0 is the zero-shear rate viscosity,  represents the Rouse time of the longest chains in the 

system [15] and m is the shear thinning exponent. The fitting parameters for the Cross model are 

listed in Table 1. The high quality of the combination of CPP and capillary data is supported by the 

validity of the empirical Cox-Merz rule [63] for which the steady state viscosity at a given  is 

equal to the complex viscosity at an angular frequency , ( ) ( )*   =  (see blue dotted 

lines in Figure 5). 

 



 =
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Figure 5. Flow curves for iPP1 (A), iPP2 (B), iPP3 (C), iPP4 (D), iPP5 (E) and iPP6 (F) at 170 °C. 

The blue dotted lines represent the complex viscosity from linear viscoelastic (LVE) oscillatory shear 

measurements taken from Ref. [5]. Filled circles and triangles are steady state viscosity data obtained 

with the CPP and capillary rheometer, respectively, validating the Cox-Merz empirical rule for strictly 

linear iPPs. Each capillary rheometry data set ends at a shear stress of order 0.1 MPa to avoid shish 

fomration [15,16]. The red solid lines are fits to the Cross model (Equation 5). Filled squares are 25 

mm parallel plate data from a shear rate sweep, which agree with the steady state data at low shear 

rates but fall strongly below the actual viscosity once edge fracture is severe. The shear thinning 

exponent m is also reported in the Figure for each sample. 

 

Shear thinning commences when polymer chains are oriented and the longest chains start to be 

stretched in the flow direction. Experiments of nearly monodisperse entangled polymer melts and 

solutions usually report a shear thinning exponent between 0.8 and 0.9 [22,37,38,39]. Less is known 

about shear thinning in strictly linear polydisperse entangled polymer melts. Here we report a broad 

range of iPP samples [59-61,64,65], including those investigated in the present work, each exhibiting 

shear thinning exponent values between 0.7 and 0.85. Flow curves obtained with parallel plates 

display an apparent shear thinning exponent much larger than 1, suggesting edge fracture (see the 

light gray symbols in Figure 5). The shear thinning exponent m of iPP1-5 samples is reported as a 

function of the polydispersity index in Figure 6A, along with iPP data taken from literature [59-

61,64,65]. A decreasing trend with increasing polydispersity is observed when comparing iPP2 with 
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the others that are more polydisperse, but seems to saturate at a constant value of m ≈ 0.7 for 5.7 ≤ 

Mw/Mn < 25. Our tentative hypothesis is that isotropic entangled polydisperse polymer melts with 

strictly linear chains will never show m < 0.7. The same Figure also shows the shear thinning exponent 

m obtained from the complex viscosity (blue squares in Figure 6A). The high molecular weight 

samples (iPP5, and iPP6) have enough shear thinning data below 100 rad/s to determine the actual 

shear thinning exponent (iPP6 is not shown in Figure 6A because Mw/Mn is not known). iPP1,2,3,4 

show a significant underestimation of the shear thinning exponent m of Equation 5 based on the 

complex viscosity. Those lower molecular weight samples simply do not reach the true shear thinning 

power law in oscillatory shear, which means that the extrapolation of the linear viscoelastic data to 

estimate viscosity values at high rates, a common practice in industry, will overestimate the viscosity 

considerably! We also note that iPP4 is only 2.6% lower Mw than iPP5 but since iPP4 is far more 

polydisperse, it still shows this issue. 

Figure 6B shows the dependences on the molecular weight of the longest chains [15] Mmax of (1)  

from the Cross-model fits to Equation 5, (2) the calculated Rouse time of the longest chains [15] 

τR,max, (see Table 1), and (3) the terminal time 𝜏𝑡𝑒𝑟𝑚 taken as the reciprocal of the frequency at which 

G′ and G″ cross (see Figure S1 in the Supporting Information and Ref. [5]). Data for   taken from 

the literature [60] are also reported. The calculated Rouse time of the longest chains τR,max (see Table 

1), displays good agreement with τ estimated from the Cross model, within the error in Mmax (see 

horizontal error bars in Figure 6B). This suggests that the onset of shear thinning (τ) is controlled by 

τR,max. Consistent with Ref. [15] for a wide range of strictly linear iPP with very different molecular 

weight distributions [5], the shear thinning onset (τ) is controlled by stretching the longest chains in 

the polydisperse molecular weight distribution; a vital result for future modelling of shear thinning 

in polydisperse linear polymer melts. Conversely, the terminal time 𝜏𝑡𝑒𝑟𝑚 is significantly different 

from , confirming τR,max as control parameter for the onset of shear thinning. The power law in Figure 

6B with slope of 2 suggests the shortest Rouse time of a Kuhn monomer (with M0 = 180 g/mol) [53] 

at 170 oC is τ0 = 0.18 ns and the Rouse time of an entanglement strand (with Me = 5250 g/mol) [5] is 

150 ns for iPP at 170 oC .   

 
9 2

,max max5 10     (s)R M  −= =    (6) 
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Figure 6. A) Shear thinning exponent dependence on the polydispersity index for iPP1,2,3,4,5 (red 

circles) at 170 °C. The dashed black line is a guide for the eye. Blue solid squares are the shear 

thinning exponent estimated by considering the steepest slope of the complex viscosity curve at 170 

°C and these are invariably lower than the actual power law exponent for viscosity when the latter 

includes data at high shear rates, because the frequency is not high enough to reach the true power 

law exponent. iPP2 has the narrowest chain length distribution and the industry ploy of extrapolating 

the power law part of the Cross model fit of complex viscosity to high shear rates fails miserably. 

Literature data [59-61,64,65] are also shown (see Figure legend). B) Longest relaxation time for 

iPP1,2,3,4,5 obtained from the fit of the viscosity data to the Cross model (circles), the terminal time 

𝜏𝑡𝑒𝑟𝑚 (triangles) taken as the reciprocal of the frequency at which G′ and G″ cross (see Figure S1 in 

the Supporting Information and Ref. [5]), and the calculated τR,max (see Table 1) at 170 °C, as 

functions of the molecular weight of the longest chains Mmax. Data from Ref. [60] are also reported 

(see Figure legend). Stretching the longest chains in the distribution seems to control the shear 

thinning onset. The dashed line in panel B has a slope of 2, capturing the trend of the characteristic 

time obtained from the Cross model fit. Horizontal error bars are calculated from the molecular 

weight distributions reported in Ref. [5]. 

 

To further highlight the shear thinning region, we combined the main results of Figures 5 and 6A into 

Figure 7. Here we report the flow curves for all six samples, considering only the data obtained with 

the CPP (open symbols), and capillary rheometry (solid symbols). The linear viscoelastic response is 

also reported (solid lines). A good overlap between CPP and capillary rheometry was always 

observed. A slight difference observed at 10 s-1 for the iPP2 sample is due to the pressure signal 

approaching the minimum resolution of the transducer for our capillary rheometer. The maximum 

shear rate attained with the capillary rheometer was limited by the maximum shear stress above which 

shish structures can be formed [15]. Whereas this aspect is certainly intriguing for further FIC studies, 
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here we focused on flow curves with well-resolved shear thinning regime, unaffected by either flow 

instabilities or structural changes promoted by the shear flow. As presented in Figure 6A, all the iPP 

samples with polydispersity larger than 5 exhibit a shear thinning exponent equal to 0.7. Remarkably, 

the inset of Figure 7 shows that, when the consistency index from Eq. 5, 
0.7

0  −
, is plotted against 

Mw, our data along with other iPPs taken from the literature [59,65] display a linear trend (with 

3.4

0 ~ wM  and 
3.4~ wM  the exponent for the consistency index should be 3.4(0.3) = 1). Such a result 

provides the unique correlation between the shear thinning of polydisperse entangled strictly linear 

polymer chains with their weight-average molecular weight.  
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Figure 7. Flow curves for iPP1 (squares), iPP2 (circles), iPP3 (up-pointed triangles), iPP4 

(diamonds), iPP5 (left-pointed triangles) and iPP6 (pentagons) at 170 °C. Capillary data are shown 

as solid symbols, whereas cone-partitioned plate (CPP) data are shown  as open symbols. Solid lines 

represent the complex viscosity from linear viscoelastic (LVE) oscillatory shear measurements taken 

from Ref. [5]. Inset: consistency index as a function of Mw for iPP1,3,4,5,6 along with data taken 

from the literature [59,65], all exhibiting a shear thinning exponent equal to 0.7. The black dashed 

line has a slope equal to one. 

 

Figure 8 shows the start-up of shear experiments for iPP4 in terms of the growth of shear stress σ+ 

(panel A) and first normal stress difference N1
+ (panel B) as functions of time at various shear rates. 

Experiments were performed with a 6 mm cone partitioned plate (CPP) to avoid edge fracture effects. 
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The minimum shear rate was dictated by the minimum torque resolution of the instrument, whereas 

the maximum shear rate was bound by either edge fracture, that eventually reaches the measuring 

area, or the maximum normal force allowed by the transducer (29 N or ~ 1 MPa as a largest 

measurable normal stress with a 6 mm CPP). Note that the range of shear rates for N1
+ is narrower 

than for the shear stress, as the normal force signal was either significantly noisy at low shear rates 

or “saturated” at high shear rates because of the maximum normal force measurable by the transducer. 

Note that the increase in both shear stress growth σ+ and first normal stress difference growth N1
+ at 

shear rates 70 and 100 s-1 is caused by overcoming the shear stress threshold value of 0.1 MPa to 

form shish in iPP [15,16]. Start-up of shear experiments for the other iPP samples are reported in 

Figures S7-S11 in the Supporting Information.  

 

Figure 8. Start-up of shear in terms of shear stress growth σ+ (panel A) and first normal stress 

difference growth N1
+ (panel B) as a function of time at various shear rates (reported in the figure) 

for iPP4 at 170 °C, obtained with the 6 mm cone partitioned plate at 170 °C. Note that the increase in 

both shear stress growth σ+ and first normal stress difference growth N1
+ at shear rates 70 and 100 s-

1 is caused by exceeding the shear stress threshold value 0.1 MPa to form shish [15,16].  

 

The steady-state value of the apparent first normal stress difference N1 for iPP1,2,3,4,5 as a function 

of Weissenberg number   that is the product of shear rate and the Cross model relaxation time , is 

shown in Figure 8A. This plot reduces all data and displays a power law shear rate dependence with 

exponent 0.5 (shown as the dashed line in Figure 9A) as typically seen in entangled polymer melts at 

shear rates much higher than 1/τ [49,66]. The steady-state values of N1 are validated by the linear 

viscoelastic data through Laun’s empirical relation (see Figure S12 in the Supporting Information) 

[67,68]. Note that, all the iPP samples fall into a master curve, suggesting that the dynamics are 
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controlled by the stretching of the longest chains. Figure 9B shows the dependence of the same 

steady-state values of the apparent first normal stress difference N1 on the steady-state values of the 

shear stress . Such a representation was first reported by White et al. on polystyrene melts [69,70], 

with the aim of determining normal stresses in melts without having to directly measuring them. The 

N1/ ratio may be interpreted as the ratio of the energy stored to the energy dissipated by the system, 

similar to the ratio between the storage modulus G′ and the loss modulus G″ [71]. White et al. 

demonstrated that the correlation between N1 and  is independent of temperature but dependent upon 

the molecular weight distribution, reporting 
1.66

1 ~N   for a broad collection of data on polymer melts 

and 
2.0

1 ~N  for nearly monodisperse polystyrenes. Han and Jhon [71] as well as Kitano et al. [72] 

found 
2.0

1 ~N   in polyethylene melts. In the present case, we found a 
1.66

1 ~N   dependence for 

iPP1,2,3,4,5 within the error in estimating the steady state value of N1 (see Figures S7-S11 in the 

Supporting Information). The range of shear rates reported in Figure 7 refers to the shear thinning 

regime, where 
1/2

1 ~N   (see Figure 7A), 
0.3~   (assuming a shear thinning exponent m = 0.70), 

therefore, 
1.66

1 ~N  . Indeed, a weaker dependence can be observed for iPP2. The iPP2 sample 

represents not only the sample with the smallest polydispersity, but also that with the smallest Mw 

(see Table 1). This means that the shear thinning is reached at much larger rates compared to other 

iPPs investigated in this work. To this end, Figure 5B shows that the thinning regime is well captured 

by capillary data, whereas N1 was measured with the CPP, therefore, at lower rates. If we use the 

shear thinning exponent estimated from the CPP data (underestimated) we obtain m = 0.6, which 

translates into N1~1.25. The latter dependence, within errors, is in good agreement with the trend 

displayed by the iPP2 sample in Figure 8B. It is also worth mentioning that some of the polystyrenes 

studied by Oda et al. [60] with Mw/Mn = 18 displayed steeper slopes, suggesting that the stronger N1 

dependence on  may be due to polydispersity, as also observed in extrudate swell experiments with 

slit dies by Graessley, Glasscock and Crawley [73].  
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Figure 9. Steady-state first normal stress difference N1 as a function of A) Weissenberg number that 

is the shear rate normalized by the Cross model relaxation time τ (listed in Table 1) and B) steady-

state shear stress at 170 °C, for iPP1 (black squares), iPP2 (purple circles), iPP3 (green up-pointing 

triangles), iPP4 (cyan diamonds) and iPP5 (orange left-pointing triangles). N1 curves are reported in 

B panels of Figures 7 and S7-S11. Error bars are obtained by averaging at least 20 data points in the 

steady-state. Error bars for the steady-state stress are within the size of the symbols. Experiments 

were performed with a 6 mm cone partitioned plate at 170 °C.  

 

Note that iPP6 is not shown in Figure 9 because either the normal force signal was too weak to resolve 

or the shear stress magnitude was high enough to promote the formation of a large fraction of FIC 

precursors, as shown and discussed by Nazari et al. [15]. Lastly, we contrasted the N2 values inferred 

from the N1 data reported in Figure 8B with Eq.2, by –N2/N1 = 0.1 based on the probed range of shear 

rates [25], a surface tension  equal to 0.032 N/m [74], and a gap of 53 m. Considering the highest 

stress reported in Figure 8B (~ 0.085 MPa), we obtained N2c = 38000 Pa, which is always larger than 

any 0.1N1 data in Figure 9B, excepts for the iPP5 sample. However, the difference is about 20%, 

considered still reasonable given the crude calculation. 

 

CONCLUSIONS 

The onset shear rate �̇�𝑐 for edge fracture follows a decreasing power-law trend as the zero-shear 

viscosity of the polymer increases, with 
0.55

0c A  −= . A is a prefactor which depends on temperature, 

measuring system, gap and material investigated. This empirical correlation lays the foundation for a 

more general prediction of edge fracture of polymers from the zero-shear viscosity, which is far 
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simpler to measure compared to the second normal stress difference. Although this seems of general 

validity due to the strict linear chain structure of isotactic polypropylene, whether or not such a simple 

correlation applies to other polymers (linear chains with different polydispersities and long chain 

branched polymers) is a great topic for future research.  

Once identified, edge fracture can be significantly suppressed at a temperature below the equilibrium 

melting temperature by using a cone partitioned plate. When complemented by capillary rheometry, 

this enables the measurements of quite extended flow curves, with well resolved shear thinning. The 

shear thinning exponent for a large number of iPP was found to decrease from ~0.85 to a plateau 

value of 0.7 with increasing polydispersity. This rheometer combination can be exploited to enable a 

thorough investigation of the shear thinning steady state viscosity of all thermoplastic polymers, as 

well as studying flow-induced crystallization unaffected by edge fracture.  

The onset of the shear viscosity thinning is controlled by the Rouse relaxation time of the longest 

chains in the system, rather than the terminal time, which for these polydisperse melts is considerably 

shorter. This represents a crucial result for modelling the shear thinning of polydisperse linear 

polymer melts.  

Lastly, the relation between first normal stress difference and shear stress, 
1.66

1 ~N  , enables the 

possibility to estimate normal stress by simply measuring shear stress, a quantity which is much 

simpler to measure, especially in commercially available rotational rheometers that have surprisingly 

low limits for the largest values of normal force. Modern rotational rheometers have a very sensitive 

transducer for measuring normal force but cannot measure normal stresses at the high shear rates 

relevant to many polymer processing operations. 

 

SUPPORTING INFORMATION 

Small amplitude oscillatory shear at 170 °C; Flow curves and birefringent images at 170°C; Start-up 

of shear in terms of shear stress growth σ+ and first normal stress difference growth N1
+ as a function 

of time at various shear rates at 170 °C; Comparison between steady-state values of N1
+ and the 

empirical prediction proposed by Laun. 
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