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Abstract 

The structural formation and development of isotactic polypropylene (iPP) upon the micro-injection molding process was 

investigated at different mold temperatures and molecular weights utilizing a real-time synchrotron radiation small angle X-ray 

scattering (SAXS) technique combined with a customized micro-injection molding apparatus. Shish-kebab structure and parent-

daughter lamellae were found to be formed during micro-injection molding for all iPP samples. In the case of kebab lamellae, a 

considerable growth in the long period and in the average thickness of lamellar crystallites and amorphous domains is observed 

at initial stages of crystallization for samples molded at varying temperatures. This effect is caused by the successive formation 

of thin lamellae in the outer layer and thick lamellae in the inner layer during the manufacturing process as evidenced by the 

spatial distribution of the crystalline lamellae across the thickness. In addition, the length of the shish formation increases 

remarkably at the onset of crystallization, the extent of which is dependent on the mold temperature. Despite the large changes of 

the lamellar stacks and the shish misorientation, the final length of the shish remains essentially unchanged when varying mold 

temperature. Since there is a critical orientation molecular weight above which the chains are stretched and oriented to form stable 

shish, the iPP sample with a low molar mass exhibits an overall decrease in the scattering intensity of SAXS patterns compared 

to the high molecular weight polypropylene. 

 

1. Introduction  

A large number of polymer resins can only be used after being shaped to the resultant products by means of various processing 

techniques. Generally, polymer materials start in a molten state and then are machined into final products under the effect of shear 

flow during the manufacturing process. These facts mean that the flow is an unavoidable factor, and the microstructure of products 

is affected by the processing methods and conditions to a large extent. As a result, many studies have paid close attention to the 

flow-induced crystallization (FIC) events during the shaping process. After decades of research, three major points of FIC have 

been elucidated. First, at the nucleation stage, the flow field can accelerate the crystallization by increasing the nucleation rate by 

an order of magnitude [1–3]. Second, the flow could induce different crystal modifications of the polymer, e.g., isotactic 

polypropylene forms the β crystal under the effect of the shear flow field [4–8]. Third, the strong flow field changes the crystal 

morphology of polymers, i.e., transformation from spherulites to oriented lamellae or even to shish-kebab structures [9–12]. Shish-

kebab structures can greatly improve the mechanical properties of polymer materials. Its discovery sets off the prelude to the study 

of FIC, and its formation mechanism has always been the core problem in FIC. Li et al. systematically summarized that theformation 

of shish is a multistep process [13]. The flow-induced local order forms the primary nuclei along the flow direction, and the  

flow-induced needle-like precursor grows from these primary nuclei to form a shish structure [14]. Another case is that a large 

amount of primary nucleus accumulation gathers to form oriented nuclei and eventually grows into a shish structure [10]. In 

addition, Keller et al. improved the concept of the coil-stretch transition (CST) for polymers under a flow field [15,16]. The CST 

indicated that there was a window range when the strain rate reached a critical value and the coil-stretch transition started. However, 

because CST was derived from a polymer solution system, it was not fully applicable to polymer melt systems. Therefore, Pennings 

et al. proposed a stretched network model that considered that the primary nuclei of shish structures stemmed from the stretched 

networks [17–19]. Moreover, Hsiao et al. accomplished extensive studies of the formation mechanisms of shish-kebab structures 

[12,20–27]. By examining the in situ crystallization process of polymer melts (e.g., polypropylene, polyethylene, and their blends) 

under shear flow field, they found that high molar mass chains can significantly accelerate the crystallization kinetics of the whole 

system to form a shish-kebab structure [20,21,23,27]. The higher the content of high molar mass chains, the faster the crystallization 

kinetics during the flow-induced crystallization process accompanied by the higher degree of orientation and the larger number of 

oriented crystals [26]. Furthermore, the degree of crystal orientation and the crystallization kinetics rose with the enhancement of 
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both strain rate and strain, while at the same strain, a short shear time at a high speed was more effective than a long shear time at 

a low speed [28]. 

Based on the above concepts, numerous studies have focused on real time investigations of the structural formation and 

development during the manufacturing process [18,23,29–34], especially in the injection molding process. For example, Bubeck 

et al. [35,36] studied the level of orientation of chain segments in liquid crystalline polymers under the filling phase using a 

customized injection molding apparatus. Yang et al. employed in-cavity temperature profiles to unravel the solidification kinetics 

upon injection molding of high-density polyethylene [37] and its blend with polypropylene [38]. With the fast advance in 

microelectromechanical systems (MES) in recent years [39,40], micro-injection molding (μIM) is being extensively applied in 

micro- and nanoscale component manufacture [41–43]. Differently from the conventional injection molding, μIM possesses an 

extremely high injection velocity and pressure, a strong shearing field, and a fast cooling rate [44, 45]. The flow visualization of 

the filling process and the structure of μIM molded samples have been reported by numerous studies [46–48]. Nevertheless, few 

investigations have placed emphasis on the in situ structural formation during the course of micro-injection molding [13]. To enable 

the study of the nanoscale structure evolution in a micro-injection molding process, a portable device was specifically developed 

for time resolved measurement activities [49]. In this study, we chose isotactic polypropylene (iPP) sample as a model system 

because of its broad applicability, and the structural evolution of iPP samples under micro-injection molding was studied at varying 

mold temperatures and molecular weights using synchrotron small angle X-ray scattering (SAXS) technique. The results revealed 

how the characteristic features of shish formation and kebab lamellae are affected by the processing parameters and molecular 

architecture.  

2. Experimental section  

2.1. Sample characteristics  

Two isotactic polypropylene materials were purchased from Aldrich Polymer Products: iPP190K (Mw = 190 000 g/mol and Mw/Mn 

= 3.8) and iPP340K (Mw = 340 000 g/mol and Mw/Mn = 3.5). The molar mass distribution features of these two samples were 

characterized utilizing a PL-GPC 220 high-temperature GPC (Polymer Laboratories Ltd.) at 150 ◦C. In addition, the rheological 

properties of the polymer melts at 200 ◦C were measured by means of an ARES-G2 rheometer (TA Instruments, America). The iPP 

granules were injection molded into rectangular bars via a homemade micro-injection molding device. The configuration and 

specifications of this unique device developed in house were described in detail in ref. 49. The samples were fabricated at three 

selected mold temperatures of 80, 100, and 120 ◦C. The melt temperature and the plunger velocity were chosen at 200 ◦C and 14.3 

mm/s [49], respectively. Fig. 1 shows the samples at the position of diamond X-ray windows used for thermal analysis and 

multiscale structure characterization.  

 

Fig. 1. Schematic illustration of the micro-injection molded polypropylene sample with a dimension of 34 × 2 × 1 mm3 for SAXS, 

WAXD, and DSC measurements. 

2.2. SAXS measurement  

Real time synchrotron small angle X-ray scattering experiments were implemented at beamline BL19U2 at SSRF, Shanghai, China. 

The wavelength of the X-ray beam was 0.09184 nm, and the beam size at the sample position was 200 × 35 μm2. An exposure time 

of 0.03 s and a time interval of 0.003 s for each SAXS pattern were adopted to achieve a high time resolution during the micro-

molding process. The SAXS patterns were registered using a Pilatus 1 M detector (981 pixels × 1043 pixels with a pixel size of 

172 × 172 μm2), and the distance between the sample and the detector was 2345 mm. Subsequently, SAXS mapping experiments 
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after the injection molding process were performed utilizing a Rigaku NANOPIX WAXD/SAXS system equipped with a copper 

rotary target. The wavelength of the X-ray radiation was 0.154 nm, and the dimension of the incident X-ray beam at the sample 

position was set as 200 × 200 μm2. The sample-to-detector distance was 1306 mm, and the X-ray beam scanned along the thickness 

direction at a step length of 200 μm. The SAXS patterns were collected with an exposure time of 120 s by a Rigaku Hypix 6000 

detector (771 pixels × 1179 pixels with a pixel size of 100 μm).  

2.3. WAXD measurement  

Wide angle X-ray diffraction experiments were conducted on a custom-designed microfocus X-ray diffraction system of Xenocs 

with an X-ray radiation wavelength of 0.154 nm. The dimension of the X-ray radiation at the sample position was 40 × 60 μm2. 

Each WAXD pattern was recorded within 300 s at a sample-to-detector distance of 68 mm using a Pilatus 100 K detector (487 

pixels × 195 pixels). On the other hand, the structural distributions were probed by scanning over half the thickness of the 

rectangular strips with steps of 0.1 mm via WAXD mapping experiments.  

2.4. DSC experiment  

DSC thermograms were obtained from a DSC1 Stare system of Mettler Toledo under a N2 atmosphere. The samples for thermal 

analysis were cut from the middle of the rectangular bar and sealed in aluminum pans. Melting thermograms were obtained by 

heating the samples up from 25 to 200 ◦C at a scanning rate of 10 K/min.  

 

3. Results and discussion 

3.1. Influence of the mold temperature on structural formation  

The structural developments of iPP340K samples upon the micro -injection molding process are given in Fig. 2 at varying 

crystallization times and mold temperatures. 

 

 

Fig. 2. Selected 2D-SAXS patterns (left) taken at varying times as indicated on each profile during the micro-injection molding 

process and 2D-WAXD patterns (right) after the micro-injection molding process of the samples at different mold temperatures. 

The flow direction is horizontal. 

 

The polypropylene pellets were shaped at selected mold temperatures of 80, 100, and 120 ◦C under a melt temperature of 200 ◦C. 

The first pattern (t = 0 s) was obtained just before the polymer melt reached the diamond window. Subsequently, the melt subjected 

to the shear flow field passed through the diamond window, and the detector started to acquire the scattering signal of the sample. 

For all three samples, the signal of a typical shish-kebab structure is observed from SAXS patterns. Furthermore, one finds relatively 

weak scattering maxima in the meridional direction, meaning the generation of a fraction of correlated lamellae whose normals are 

vertical to the injection molding direction. In addition, 2D-WAXD patterns were obtained at room temperature after molding, and 

the results confirm an oriented parent-daughter lamellae structure. Moreover, the content of β-crystals is found to increase with 
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increasing mold temperature due to the effect of shear flow field as shown in Figs. S1–S3. These observations can be explained by 

the fact that the long chains are partially oriented and aligned in the molding direction to form the shish structure first under a strong 

shear flow field, then the shish formation accelerates primary nucleation and growth of crystallites in which the molecular chain 

direction is also parallel to the molding direction producing the kebab structure [50,51], and finally the daughter lamellae with the 

polymer chains aligned perpendicular to the flow direction crystallize onto the kebab crystals. The onset times of these structural 

formations are displayed in Fig. 3. As the mold temperature is elevated, the presence of these ordered structures is found to be 

delayed evidently, which is due to the growing chain mobility at higher mold temperatures [52]. High temperature not only leads 

to rapid relaxation of molecular chains and reduces the chain orientation to suppress the formation of shish structures, but also 

increases the time for molecular chains to align into lamellae. 

 

 

Fig. 3. Onset time of the formation of shish, kebab, and daughter lamellae structures measured at different mold temperatures. 

The scattering invariant Q can be used to qualitatively represent the evolution of ordered structures upon the injection molding 

process. The value of Q can be obtained as follows [53]:  

𝑄 = ∫ ∫ 𝐼(𝑞𝑥,𝑞𝑦)
𝑞𝑚𝑎𝑥

𝑞𝑚𝑖𝑛

𝑞𝑚𝑎𝑥

𝑞𝑚𝑖𝑛
𝑑𝑞𝑥𝑑𝑞𝑦 ∝ 𝜑𝑠(1 −  𝜑𝑠)(𝜌𝑠  −  𝜌𝑎)2        (1) 

 

where φs represents the volume fraction of the scatterer, and the ρs and ρa are the average electron densities of the scatterer and the 

surrounding matrix, respectively. The scattering invariant is, therefore, determined by the relative volume fraction of the scatterers 

and the electron density difference between the phases in iPP. In this work, the Q values of the shish structure (Qshish), daughter 

lamellae structure (Qdaughter), and kebab crystals (Qkebab) were acquired by integrating the scattering intensity of the corresponding 

structures along the meridional and equatorial directions, respectively, and the results are shown in Fig. 4. 
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Fig. 4. Change of the scattering invariant of different structures (from top to bottom: shish structure, kebab structure, and 

daughter lamellae structure) with crystallization time. 

In the case of shish structure, the change of the scattering invariant with time behaves in a similar manner for samples molded at 

different temperatures. The integrated scattering intensity increases dramatically at first, and then reaches a maximum value 

followed by a distinct reduction. These observations are attributed to a growth of the volume fraction of the shish formation induced 

by the strong shear field and a relaxation of the oriented chains that originally constitute the shish after cessation of shear, 

respectively. As the mold temperature is increased, the scattering invariant exhibits a greater value at late stages of crystallization 

because the molecular chains underwent a longer shear time at higher mold temperatures, thus leading to the generation of the shish 

structure with a higher content. Regarding the kebab lamellae, the integrated scattering intensity shifts to smaller values at long 

crystallization times for samples molded at 80 and 100 ◦C, indicating the occurrence of more defective crystallites and a reduction 

in the electron density difference upon crystallization. In the micro-injection molding process, the melt filled the cavity and 

solidified into lamellae at high temperature, and then the temperature of the whole sample cooled rapidly down to the preset mold 

temperature after a relatively short time. On the other hand, there is a continuous increase in the scattering invariant for the sample 

molded at 120 ◦C within the limited time range of experimental observations due to slow crystallization of polymeric chains into 

kebab crystals at such high temperature. For the daughter lamellae, the scattering invariant increases rapidly at the beginning and 

reaches a plateau. Meanwhile, one notes an overall decrease in Qdaughter as the mold temperature is raised, which is mainly due to a 

decrease in the volume fraction of the daughter lamellae.  

To assess the development of kebab and daughter lamellae during crystallization, SAXS scattering intensity distribution curves 

were acquired by narrow fan-shaped integration within ±10◦ along the equatorial and meridional directions, respectively. Fig. 5 

displays SAXS profiles of the samples with different mold temperatures after Lorentz correction.  
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Fig. 5. SAXS scattering intensity distribution curves taken along the equatorial direction (left) and meridional direction (right) at 

varying times and mold temperatures. The insets of the figures show how the scattering intensity distribution curves are obtained. 

It should be noted that Lorentz correction is applicable for the isotropic samples whereas no Lorentz correction should be applied 

for the highly oriented structures. Because the molded samples possess a multilayer structure with different degree of orientations, 

there is no unique recipe for data treatment in this case. As a result, Lorentz- corrected data were chosen in the present work. 

Moreover, the long period (dac), the lamellar thickness (dc), and the amorphous domain thickness (da) were derived from the 

correlation function K(z) [54–58]: 

 

𝐾(𝑧) =
∫ 𝐼(𝑞)𝑞2 cos(𝑞𝑧)𝑑𝑞

∞
0

∫ 𝐼(𝑞)𝑞2𝑑𝑞
∞

0

        (2) 

 

The resultant correlation functions K(z) are presented in the Fig. S6. The variations in dac, dc, and da for kebab lamellae with 

crystallization time are demonstrated in Fig. 6. Since the crystallinities of iPP340K samples are lower than 50% as determined from 

the DSC data in Fig. S7, the amorphous phase thickness da can be extracted from the expression da = dac - dc. It is obvious that the 

changes in dac, dc and da with crystallization time demonstrate a similar characteristic feature for samples molded at different mold 

temperatures. The long period dac(kebab) exhibits a remarkable increase at the onset of crystallization followed by a plateau value and 

then decreases gradually to a stable value. The initial increase can be attributed to the formation of the outer layer at low temperature 

and the inner layer at high temperature in sequence. The melt flows into the cavity and crystallizes rapidly near the cavity wall, 

thus producing lamellae with a smaller dac. Due to the thermal insulation and heat preservation effect of the outer layer, the polymer 

melt in the inner part crystallizes at a temperature higher than the mold temperature thus forming thicker lamellar crystals. This fact 

is also evidenced by the gradual increase in the lamellar thickness at the initial stage of crystallization. As the melt is cooled down 

to the mold temperature, the generation of thinner and defective lamellae in the subsequent crystallization process results in a 

decrease of the long period. For comparison, the plots of dac, dc, and da for daughter lamellae are presented against crystallization 

time in Fig. 7. 
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Fig. 6. Change of dac, dc, and da of the kebab lamellae with 

crystallization time taken at different mold temperatures. 

Fig. 7. Change of dac, dc, and da of the daughter lamellae with 

crystallization time taken at different mold temperatures. 

It is found that the three structural parameters of the daughter crystals decrease steadily until an essentially constant value is 

reached. This behavior is due to the formation of thin daughter lamellae during cooling down to the corresponding mold 

temperature.  

Furthermore, the average length Lshish and the misorientation BΦ of the shish formation can be assessed from azimuthal scattering 

intensity distributions of the meridional scattering streak employing the Ruland equation as follows [59]:  

 

𝐵𝑎𝑏𝑠 = (
1

𝐿𝑠ℎ𝑖𝑠ℎ

2𝜋

𝑞
) + 𝐵𝛷       (3) 

 

where Bobs denotes the integral breadth of the azimuthal scattering intensity distribution, and BΦ represents the misorientation of 

the shish. As a result, Lshish and BΦ can be derived from the slope and the intercept of the linear fitting curve of Bobs versus 1/q (as 

shown in Fig. S9), respectively. The results of the shish length and the shish misorientation are given in Figs. 8 and 9. 

 

 

Fig. 8. Change of the length of the shish with crystallization time measured at varying mold temperatures. 
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Fig. 9. Change of the shish misorientation with time measured at varying mold temperatures. 

 

The values of both Lshish and BΦ increase apparently at the beginning of shear-induced crystallization, reflecting a growth of the 

shish formation with a low extent of orientation along the injection molding direction. This phenomenon is in agreement with the 

automatic catalytic effect [49,60,61]. A portion of the molecular chains could diffuse to the tip of the shish structure under the 

driving force of the difference in the free-energy between the nucleus formed by the flow-sheared melt and the surrounding 

undercooled melt. Since the new molecular chains that are incorporated into the shish possess a smaller degree of orientation, the 

increase in the shish length is accompanied by a decline in the average degree of orientation. Subsequently, the length of shish 

reaches a plateau value followed by a remarkable decrease whereas the shish orientation remains almost unchanged during further 

crystallization. Because a fraction of shish structures are thermally unstable, the relaxation of oriented molecular chains in the 

shish results in a reduction of the average shish length after shear flow. Another significant issue to be noted is the influence of 

mold temperature on the dimension and orientation of the shish structure. On one hand, the value of BΦ increases evidently with 

the increase of the mold temperature due to mobile chain segments at high temperature. On the other hand, the average length of 

shish rises dramatically with increasing mold temperature at early stages of crystallization. This phenomenon is due to the fact 

that the polymer melt experiences a long shear time at high mold temperature during the micro-molding process due to low 

undercooling. However, the value of Lshish is basically not affected by the mold temperature at the final stage of crystallization, 

which is due to the same content of long chains that can form the stable shish structure for the molded samples [27,62].  

 

3.2. Multilayer structure of micro-injection molded iPP  

Many studies have corroborated that injection molded samples are generally composed of skin layer and core layer [63–65]. To 

reveal the multilayer structure of the molded samples in this work, SAXS and WAXD experiments scanned along the thickness 

direction of samples. Fig. 10 collects SAXS and WAXD patterns at varying positions over the thickness of samples molded at 

different temperatures.  
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Fig. 10. Selected 2D-SAXS (top) and 2D-WAXD (bottom) patterns along the thickness direction of samples molded at different 

temperatures of 80, 100, and 120 ◦C. The distance from the center of the sample is marked on the graph. 

There is no core layer for all three samples as evidenced by the anisotropic intensity distributions of the SAXS and WAXD patterns 

across the thickness.  

Furthermore, the extent of the polymer chain orientation can be assessed with the following equation [66]:  

Shkl   (4)   

where cos2
φhkl was obtained from the azimuthal scattering intensity distribution Ihkl(φ) using the following relation:  

〈𝑐𝑜𝑠2𝜑ℎ𝑘𝑙〉 =
∫ 𝐼ℎ𝑘𝑙(𝜑)𝑠𝑖𝑛𝜑𝑐𝑜𝑠2

𝜋
2

0
𝜑𝑑𝜑

∫ 𝐼ℎ𝑘𝑙(𝜑)𝑠𝑖𝑛𝜑

𝜋
2

0
𝑑𝜑

      (5) 

 

and φ can be evaluated utilizing the Polanyi equation [67]:  

cosφhkl =cosθhklcosψ      (6)   

where φhkl, θhkl, and ψ are the angle between the normal vector of the (hkl) reflection and the injection molding direction, the 

Bragg diffraction angle, and the azimuthal angle, respectively. Fig. 11 demonstrates the extent of orientation of the (040)α reflection 

at different positions.  
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Fig. 11. Variations of S(040)α at different thickness positions measured for samples with varying mold temperatures. 

One finds the orientation of the chain segments across the whole sample thickness. The occurrence of the maximum orientation 

at positions of ca. ±0.4 mm can be interpreted by the fact that fast cooling of the polymer melt close to the cavity wall gives rise 

to a frozen layer at which the molecular chains have insufficient time to align along the injection molding direction. Therefore, 

the shear rate close to the sample edge is enhanced because of a reduction in the cavity cross-sectional area. In addition, the overall 

level of orientation reduces with the increase of mold temperature, which is mainly because high temperature facilitates the 

relaxation of oriented molecular chains.  

Moreover, Fig. 12 presents the evolution of dac, dc, and da of the kebab structure along the thickness direction at different mold 

temperatures. It is noted that the values of these three parameters in the inner layer are definitely larger than those in the outer 

layer, and the higher the mold temperature is, the larger the dac and dc. Because there is a temperature gradient over the sample 

thickness, the molecular chains in the inner layer crystallize at high temperature leading to the formation of thick lamellar stacks. 

These findings are well identical to the results that the value of dc for the kebab lamellae increases notably at the initial stages of 

crystallization in Fig. 6.  

 

 

Fig. 12. Variations of dac, dc, and da of kebab structure along the thickness direction of samples with different mold temperatures. 

3.3. Influence of the molecular weight on structural formation  

Another iPP190K sample with a low molecular weight was employed to clarify the effect of molecular weight on the structural 

formation during the micro-injection molding process. Fig. 13 shows SAXS diagrams of iPP190K sample at varying crystallization 

times.  
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The SAXS patterns of iPP340K sample are also displayed in the figure for the sake of comparison. Shish formation and parent-

daughter lamellae are also observed in the case of iPP190K sample. Nevertheless, one notes an overall decrease of the scattering 

intensity for the iPP190K compared to the iPP340K at corresponding times. GPC measurements were performed to reveal the 

molecular characteristics of these two samples, and the molecular weight distributions of both iPP190K and iPP340K are shown in 

Fig. 14.  

 

Fig. 14. Molecular weight distribution profiles of two samples with different molecular weights. The blue line shows the critical 

orientation molecular weight under a plunger velocity of 14.3 mm/s. (For interpretation of the references to colour in this figure 

legend, the reader is referred to the Web version of this article.) 

 

Furthermore, the rheological properties of the two samples were determined by parallel plate geometries, and the results are given 

in Fig. 15.  

Fig. 13. SAXS diagrams of iPP samples with varying molecular weights taken at various crystallization times. WAXD patterns 

are collected at room temperature after micro-injection molding as demonstrated in the right plot of the figure. The mold 

temperature and the melt temperature are 80 ◦C and 200 ◦C, respectively. The  plunger velocity is 14.3 mm/s. 
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Fig. 15. Rheological properties of two iPP materials with different molecular weights recorded at 200 ◦C. 

 

The reptation times (τd) of the iPP190K and iPP340K materials at 200 ◦C are approximately 0.22 s and 8.53 s, respectively. Based 

on the relation τR = τd⋅(Me/Mw)1∼1.5 [68,69], where Me represents the molar mass between entanglement points and Me = 6850 g/mol 

for the present system [70], the Rouse times (τR) is calculated to be approximately 7.93 × 10− 3 s and 0.17 s for iPP190K and 

iPP340K, respectively. It is obvious that the molecular chains of iPP190K are more likely to relax to the random coil. In addition, 

the apparent shear rate γ ˙ of the polymer melt is calculated to be 1213 s− 1 via the relation γ˙ = 6Q/ (WH2
) [71]. Since γ ˙ is much larger 

than τR
− 1, the molecular chains of the two samples could be stretched to form an oriented structure. It was reported that molecular 

weight and its distribution play critically important roles in determining the crystallization rate and resultant morphology 

y during the shearing process [72]. Hsiao et al. obtained a scaling expression between the critical orientation molar mass (M*) and 

the shear rate, which is expressed as M* 
= 6.57 × 105 

× γ˙
− 0.15 [73]. Hence, the critical orientation molecular weight M* is 

approximately 226,458 g/mol under the plunger velocity of 14.3 mm/s described in this work, and M* is shown by the blue line in 

Fig. 14. Only when the molecular weight of chains is larger than M* can the molecular chains be arranged into shish structures 

along the flow direction under a shear flow field. For iPP190K sample, the content of chains with a high molecular weight is 

significantly lower than that for iPP340K. Consequently, only a small fraction of the chains in iPP190K sample are stretched and 

oriented to form shish and kebab lamellae upon the molding process compared to iPP340K sample, leading to a reduction of the 

scattering intensity of SAXS patterns.  

On the basis of the above observations, shish formation, kebab crystals, and daughter lamellae of samples with different molecular 

weights occur sequentially, as represented schematically in Fig. 16. When the melt is subjected to a strong shear flow field during 

the micro- injection molding process, some longer molecular chains are aligned along the flow direction to form shish structures, 

which subsequently provide the growth sites for the kebab lamellae. The daughter lamellae whose molecular chains are oriented 

perpendicular to the flow direction are generated at approximately 80◦ to the kebab lamellae at late stages of micro-injection 

molding.  

 

Fig. 16. Schematic illustration of the formation of the shish-kebab structure and parent-daughter lamellae structure for samples 

with different molar masses under micro-injection molding 

. 
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4. Conclusions  

The formation and evolution of shish and parent-daughter structures in iPP samples with different mold temperatures and molecular 

weights were investigated at varying times using an in situ synchrotron SAXS technique combined with a homemade micro-

injection molding instrument. For kebab lamellae, the long period increases dramatically at early stages of crystallization, which is 

due to crystallization temperature gradient across the thickness of molded samples. This effect is also evidenced by the formation 

of thin lamellar stacks in the outer layer and thick lamellar stacks in the inner layer. However, the long period of daughter lamellae 

decreases continuously until an essentially constant value is reached, which is attributed to the generation of thin daughter lamellae 

upon cooling down to the mold temperature. In addition, one observes a considerable growth of the shish length at the onset of 

crystallization, the extent of which depends on the mold temperature. In spite of the large variations in the lamellar thickness, 

amorphous layer thickness, and misorientation of shish, the final shish length was found to be independent of mold temperature. 

Because of only a small fraction of chains with the molar mass higher than the critical orientation molar mass M*, the iPP190K 

sample exhibits an overall reduction of the scattering intensity at corresponding crystallization times compared to the iPP340K.  
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