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ABSTRACT. Crystallization of Poly(ether-block-amide) during microinjection molding is 

investigated using polarized light microscopy, atomic force microscopy, small/wide angle X-

ray scattering and differential scanning calorimetry. Special morphologies of micro dumbbell 

parts, such as spherulitic or spherulite-free core structures and unique spherulite structures 

generated beneath the skin layers, are examined and explained relative to processing 

conditions. Nanoindentation tests confirm that both the modulus and hardness of the skin 

layer are higher than the core layer, regardless of the core structure. Uniaxial tensile testing 

indicates that Young’s modulus, strain at break and yield stress all increase with an increase 

of skin ratio. The relationship between process, morphology and mechanical properties are 

systematically studied for micro products. Additionally, by using in-line process monitoring, 

flow induced crystallization of polymer filling of dumbbell part is characterized by shear 

stress and apparent specific work. By comparison with a “short-term shear protocol”, shear 

stress is validated to be a good candidate to characterize the formation of highly oriented 
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structures under actual microinjection molding process. This may provide a method for in-line 

control of morphology development and then final properties by controlling the flow 

conditions.  
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1. Introduction  

1.1 Flow induced crystallization  

Crystallization of semicrystalline polymers depends highly on molecular structure and 

processing conditions. Such processing involves high pressures, high shear rates and high 

cooling rates etc., and this influences the crystallization kinetics and results in the formation 

of either highly oriented structures or random spherulitic crystals. The relative proportions of 

these two structures are one of the main factors that influence the optical, thermal, transport 

and mechanical properties of commercial products 
[1]

. Flow is found to be the only reason for 

the formation of highly oriented structures. Research in recent years on shear-induced 

crystallization has sought to identify the boundary flow conditions for the onset of an oriented 

morphology, described by shear stress, shear rate, shear strain, specific work or combinations 

of these 
[1-7]

.  However, it is still unknown how best to define such thresholds and whether 

such thresholds can be applied under real processing conditions 
[8]

.  

        In an industrial production process, such as injection molding or extrusion, polymer 

materials are subject to combination of intense shear and heat transfer, which further 

complicates the crystallization process. Janeschitz-Kriegl and co-workers developed a “short-

term shear protocol” by separating the influence of flow and temperature in order to study 

shear induced crystallization 
[4]

. This protocol has been used subsequently by many 

researchers 
[1, 4, 6, 9-12]

. In a short-term shear protocol, shear can be introduced by a piston with 

a weighted lever 
[4]

, a pneumatic actuator 
[9]

 or a high torque stepper motor 
[7]

 etc.,  all of 

which control shear action and shear time. As shown in Figure 1 (a), the material is first 

heated up to a temperature above its equilibrium melting temperature (Tmo) and is maintained 

at this temperature for a period of time, trelax, which is longer than the reptation time of the 

longest molecules, in order to erase all thermomechanical history. The shear pulse is then 

applied by an actuator, after the melt is cooled down to the target crystallization temperature, 
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which is above the melting temperature of spherulite crystals (Tmc) to eliminate temperature-

driven nucleation 
[1, 13]

. The shear time can be tens of seconds and shear stress is usually less 

than 100kPa, despite so-called “high stress” conditions 
[14, 15]

. The corresponding shear rate is 

less than 100s
-1 

in order to sustain the measurement resolution at the boundary conditions 
[1]

. 

Very slow cooling is then applied to crystallize the polymer melts. It was found that quench 

conditions and specific work can dramatically promote nucleation density by several orders of 

magnitudes 
[6]

. Mykhaylyk et al. found that critical specific work and critical shear rate were 

effective thresholds for the formation of oriented structures based on a short-term shear 

protocol using a commercial parallel disc rheometer 
[1, 7]

. Kornfield and colleagues used shear 

stress as a threshold to explain the onset of oriented structures under pressure driven flow 

using a short term shear protocol 
[2, 3, 8, 9]

. For a given material, the formation of “point-like 

nuclei” starts once shear stress exceeds a threshold stress (σpt), below which the effect of 

shearing is negligible. “Point-like nuclei” can be transformed into “thread-like nuclei” where 

shear stress (σ) becomes higher than a critical shear stress (σcritical). Nuclei that exist at the 

moment when shear stops govern morphology growth under quiescent-like conditions. 

Spherulite morphologies grow from “point-like” precursors, while orientated lamellae (known 

as “kebabs”) can grow from the nucleating surface of “thread-like” precursors (known as 

“shishes”). When “thread-like” nuclei become denser, cylindrulites impinge prior to 

significant noncrystallographic branching and a highly oriented morphology forms. Currently, 

studies of flow conditions on the onset of oriented structures are mainly based on using 

laboratory plate-plate rheometer 
[1]

, sliding plate rheometer 
[16]

 or customized pressure driven 

flow cell 
[2, 3, 8, 9]

; very few attempts have been made to study or validate such thresholds 

under non-isothermal industrial processing conditions 
[17]

.  
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 (a)                                                  (b) 

Figure 1. Schematic of short-term shear protocol (a) and injection molding process (b).  

1.2 Microinjection molding   

Microinjection molding is an extreme version of conventional injection molding. It produces 

polymer micro components or parts with micro/nano-scale features, such as microneedles, 

microgears and microfluidic chips 
[18]

. Such products share a common feature of high surface 

to volume ratios (up to 10
3
~10

6
 m

-1
) that can cause early solidification of polymer melts, 

leading to short shot defects. Therefore, a high injection pressure and a high mold temperature 

are generally used in the molding process. The polymer materials in microinjection molding 

are consequently subject to shear rates and thermal gradients much higher than in 

conventional injection molding. Higher thermal gradients result in a higher skin ratio, while 

high shear rates create highly oriented structures. However, a “skin-core” morphology is still 

maintained for most thermoplastic microinjection molded products when a part is thicker than 

300μm 
[19-24]

, as discovered in conventional injection molding. When the part thickness is as 

small as 150μm or less, the oriented skin extends to the core region and results in a “core-free” 

morphology 
[21, 25]

, due to the high shear rate and fast cooling speed. However, such 

process/size-induced morphology has not been correctly correlated for miniature products. 

For example, there is no uniform correlation between the geometry of microinjection molded 

tensile bars and the changes of the mechanical properties, although the correlations between 
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the mechanical behavior and the testing parameters (temperature, strain rate) at the macro 

range are qualitatively valid for the micro range in most cases 
[26]

. A systematic study of the 

relationship between process-morphology-properties of microinjection molded products is 

still rare.  

        Additionally, injection molding can also be treated as a short shear process under non-

isothermal conditions. As shown in Figure 1 (b), polymer pellets are firstly sheared, 

compressed, melted and accumulated in front of an injection nozzle during the plasticization 

at a temperature which is usually above Tmo. The shear pulse is controlled by injection 

velocity, implemented by a server motor during the injection process, following the holding 

stage to fill more material into the cavity to compensate for shrinkage caused by solidification. 

The cooling process then follows and the entire part crystallizes until it is hard enough to be 

safely ejected out of the mold without damage. In contrast to a short shear protocol, injection 

molding involves both flow and heat transfer; thermo-mechanical histories from previous 

processes (plasticization, filling of sprue, runner and gate) are not erased in the injection 

molding process; cooling rate varies from skin to core because of high quench conditions; 

shear stress in a microinjection molding process can reach 0.6MPa with shear rate as high as 

10
3
~10

7
s

-1
 and shear time during filling lasts for tens of milliseconds based on in line process 

monitoring 
[27, 28]

; these are around 1, 3 and 1~4 orders of magnitudes higher than in a short-

term shear protocol, respectively. 

1.3 Poly(ether block amide)   

Poly(ether block amide), commercially known as Pebax
®
, is a segmented block thermoplastic 

elastomer 
[29]

. Medical grade Pebax is used in interventional medical devices, such as 

angiography, angioplasty and urology catheters, due to the wide range of physical and 

mechanical properties that can be achieved by varying the monomer block types and ratios 
[30, 

31]
. Some typical micro components molded with Pebax, such as catheter sheaths and catheter 

tips, have dimensions in the micrometer scale 
[32]

. Most available Pebax studies to date 
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focused on film chemical composition on their microphase separation morphology and related 

properties 
[29, 33-35]

. Very few studies are available on the process-morphology of Pebax under 

real processing conditions, such as injection molding 
[31]

.  

1.4 Motivation    

As discussed above, the present work has attempted to study the effect of extreme processing 

on morphology and mechanical properties of Pebax in microinjection molding process. 

Special morphologies of Pebax, such as spherulite-free core structures, irregular structures 

between skin and core, were to be examined and explained. Nanoindentation and uniaxial 

tensile testing were used to study local and bulk mechanical properties. The relationship of 

process, morphological features (crystallinity, molecular orientation, long period and skin 

ratio) and mechanical properties (Young’s modulus, strain at break, yield stress and yield 

strain) of micro parts were systematically studied using statistical analysis. Additionally, by 

using in-line process monitoring, flow induced crystallization under a real microinjection 

molding process was investigated by comparing it with a “short-term shear protocol”. 

Thresholds proposed in a laboratory-based “short-term shear protocol” were transferred to a 

high stress, fast injection and non-isothermal real molding process. A careful comparison was 

conducted to explore the possibility of using in-line process control to govern product 

morphology and even its final properties.    

2. Materials and Methods  

2.1 In-line process monitoring  

The rheological behavior of polymer melts was monitored with an insert mold utilizing a 

reciprocating micro injection molding machine, Fanuc Roboshot S-2000i 15B, which is 

equipped with a 14mm diameter injection screw. We designed a dumbbell mold cavity insert 

to form the cavity with a depth of 400µm, as shown in Figures 2 (a) and (b). Two Kistler 

6189A combined pressure and temperature sensors (PT sensors) with tip diameters of 2.5mm 
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were fitted into the waited region of the dumbbell mold cavity to directly detect the melt 

temperature and cavity pressure at the same position, as shown in Figure 2 (c). A Kistler 

CoMo injection process monitoring system (2869B) was used for data acquisition. The 

injection signals from the injection molding machine triggered the CoMo data acquisition 

system to ensure that all the signals were received simultaneously.  

                                                      
(a)                                                                   (b) 

                

(c)                                                                (d) 

Figure 2. Mold and measurement system: (a) moving half, (b) stationary half, (c) pressure 

and temperature sensors, (d) micro molded dumbbell part. 

        Based on the slit flow model, shear rate and shear stress can be calculated by monitoring 

the amount of polymer exiting the slit die per unit time (Q) for a given pressure drop (ΔP) 
[36]

. 

The apparent shear rate and real shear stress are given by  

                                                   ( ) 2

6
w app

Q

wh
                                                      (1)                                                                    

where Q is volume flow rate and w, h are channel width and depth.  The shear stress is given:  

                                      ( )
2

w real

h P

L


 
  

 
                                              (2) 

where L is channel length. For our case, the ratio of length to depth is 24. Therefore, we 

believe that the entrance and exit waist regions would actually have a negligible effect on 
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pressure drop. The pressure gradient can be approximated by ΔPtotal/ΔLtotal, as shown in 

Figure 2 (d). 

        When the ratio of w/h of a rectangular channel is less than 10, the edge effect on the 

shear stress must be considered and the wall shear stress for Newtonian fluids is given by 
[37]

,  

( )
2( )

w real

w h P

w h L


  
  

  
                                                    (3) 

        Figure 3 shows the typical trace curves of cavity pressure during 0.08s. It can be 

observed that the melt front reaches sensor 1 near the gate and travels to sensor 2 during time 

Δt1 and the pressure drop is uniform during Δt2 when the melt front reaches the part’s end. 

The average pressure drop during Δt2 was used to estimate the pressure gradient. The actual 

volume flow rate Q can be estimated by the actual volume of the dumbbell part between 

sensor 1 and sensor 2 over the time Δt1 when the melts travels this corresponding distance. 

Thermomechanical history during plasticization is kept consistent for all processing 

conditions. More details on process monitoring and characterization can be found in our 

previous work 
[28, 38]

. 

 

Figure 3. Typical cavity pressure and injection screw position during flow in the dumbbell 

die. 

2.2 Materials    

Pebax 7233 SA01 (Melt Mass Flow Rate 5.5g/10min) was purchased from Arkema in pellet 

form and was used in the present study. The raw material pellets were dried in a vacuum 

chamber at 65
o
C for 4 hours before use. It consists of 80% hard segments of polyamide-12 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



    

 - 10 - 

(PA12) and 20% soft segments of poly(tetra-methylene oxide) (PTMO) by molecular weight 

[33]
. According to literature 

[31, 39]
, the Tmo is 190ºC and 184ºC for PA12 and Pebax 7033 and 

the corresponding melting temperature of spherulite crystals Tms is 176
o
C and 184

o
C, 

respectively. As discussed by Flory and Mandelkern 
[40]

, block copolymer melts at a 

temperature lower than the crystalline homopolymer, because of an effect associated with the 

presence of steric hindrances of the second component, which prevent the formation of 

perfect crystalline structures. Since Pebax 7233 has a slightly higher percentage of PA12 than 

7033, its equilibrium melting temperature is expected to be between 184ºC and 190ºC and the 

melting temperature of spherulite crystals would be between 176ºC and 184ºC.  

2.3 Experimental design 

A two level half factorial design (2
3-1

) was carried out to correlate process conditions with 

morphology development and mechanical properties, as arranged in Table 1. Each condition 

was replicated twice to evaluate statistical error regarding the effect of process on 

morphologies and mechanical properties. The single factorial experiments were followed to 

intuitively elaborate process-induced crystallization, in which mold temperature increases 

from 60 ºC to 100ºC, while injection velocity increased from 50 to 250mm/s. Barrel 

temperature was set as 210
o
C, 212

o
C, 207

o
C, 200

o
C, 45

 o
C from nozzle to barrel.  

2.4 Sample preparation and characterization 

Micro dumbbell specimens were cut into pieces and embedded into epoxy resin (Sigma 

Epoxy Embedding Medium kit 45359-1EA-F) and then cured at 45ºC for 24 hours, followed 

by solidification at 60ºC for another 24 hours. Samples were then trimmed and sectioned into 

10m thick slices by a Leica EM UC6 ultra-thin microtome using 45º glass knives. Procedure 

A (A cut) composed of cutting sections perpendicular to the flow direction in the ND-TD 

plane, as shown in Figure 4. B cut is assigned along the ND-FD plane. The cut slices were 

then sandwiched between two glass slides and observed under a Nikon Eclipse 80i 
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transmission Polarized Light Microscope (PLM). In addition, the remaining embedded blocks 

were sectioned and etched with 15% Trichloroacetic acid/H2O (w/w) for 15 minutes 
[41]

. After 

cleaning with water and drying by hot air, the morphology of gold coated samples was then 

inspected with SEM.  

Table 1. Experimental design 

Note: Vi-Injection velocity, Ph-holding pressure, Tm-mold temperature 

 

Figure 4. Sample sectioning (units: mm): A cut is along ND-TD plane, B cut is along ND-FD 

plane (ND, TD, and FD correspond to normal, transverse and flow direction).     

    Thermal analysis was carried out using a Mettler Toledo DSC 823e/500/670. The 

temperature profile consists of a heating stage followed by a cooling stage between -40°C and 

220°C, at a rate of 10°C/min. The crystallinity of a copolymer is calculated as:  

, 12 , 12

12,100

, ,

,100

( )
% 100%

( )
100%

m PA c PA

PA

m PTMO c PTMO

PTMO

H H
Crystallinity x

H

H H
y

H

   
   

  

   
   

  

                                  (4) 

   Run order Vi (mm/s) Ph (MPa) Tm (
o
C) ΔHc,PA12 (J/g) Crystallinity 

(%) 1 250 70 100 5.43 16.3 

2 250 70 100 5.25 18.6 

3 250 50 60 2.03 18.0 

4 100 70 60 2.01 15.4 

5 250 50 60 1.15 18.2 

6 100 50 100 5.18 17.6 

7 100 50 100 4.17 19.7 

8 100 70 60 1.54 15.7 
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where x is the weight fraction of PA12, ΔHm,PA12 is the heat required to melt the crystals in the 

PA12 phase, ΔHc,PA12 is the enthalpy of the cold-crystallization in the polyamide phase, and 

ΔHPA12,100 is the theoretical heat of fusion for 100% crystalline PA12; y is the weight fraction 

of PTMO, ΔHm,PTMO is the heat required to melt the crystals in the PTMO phase, ΔHc, PTMO is 

the enthalpy of the cold-crystallization in the PTMO phase, and ΔHPTMO, 100 is the theoretical 

heat of fusion for 100% crystalline PTMO. Weight fraction of PA12 was 0.8, determined 

elsewhere 
[33]

, which is based on the ratio of PTMO and PA12. ΔHm is a normalized enthalpy 

value calculated from the area of the melting peak, while ΔH100,PA12 is assumed to be 246J/g 

[33]
. Since no PTMO melting peak is observed around 7C, the second term of Equation 4 is 

negligible.  

    Small/Wide angle X-ray Scattering (SWAXS) were carried out using an Anton Paar 

SAXSess instrument, operated at 40kV and 50mA with point collimation (beam size around 

0.3×0.2mm
2
) and finger-like beam stop. The distance between sample and detector was 

chosen as 261.2mm. The radiation used was a CuKa radiation with wavelength 0.154nm 

(PAN analytical X-ray source). Intensity profiles were recorded with a two-dimensional (2D) 

imaging plate. Scattering from oriented samples was radially averaging and was converted 

into a 1D profile in order to determine the angle of orientation and the degree of order. The 

scatter intensity was normalized by the primary beam in order to consider the sample 

absorption and eventual drift of the X-ray generator. The background under high vacuum 

conditions (0.1milli-Pa) was subtracted from the scattered intensity when calculating the 

orientation factor. The image contrast settings were kept the same with no treatment at 

evaluation. All the samples were exposed under X-ray for 1 hour in transmission mode though 

the thickness direction. The orientation of crystalline lamellae was quantified in the form of 

the Hermans orientation function from the 2D-SAXS scattering patterns, according to 

Equations 5 and 6 
[42]

:  
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where φ is the angle between the reference direction and normal direction of lamella. In the 

present case, the reference direction is defined to be the flow direction. If all the polymer 

chains are aligned parallel to the reference direction, f is 1. For an isotropic system f is 0. If 

the polymer chains lie in a plane perpendicular to the reference direction, f has the value of -

1/2.  

   For oriented samples, a peak due to the structural periodicity was only found in the 

direction in which the sample is oriented. Long period L, representing the sum of average 

thicknesses of the crystal lamellae and the intermolecular amorphous regions, can be 

determined from the 1D scattering profiles:  

             
max

2
L

q


                                                              (7) 

where qmax is the scattering vector at the maximum intensity. The contribution of the intensity 

of lamellae clusters of larger distances generates a more intense diffusion with small values of 

q, which influences the position of the maximum intensity. Lorentz correction is applied to 

amplify intensity and to refine the calculation of L, as shown in Equation 8: 

2( )cI I q q                                                       (8) 

2.5 Mechanical properties 

Uniaxial tensile testing was carried out to obtain bulk mechanical properties of micro 

dumbbell specimens. The large ridges of the samples were fitted into clamping slots on a 

specially designed holder in order to eliminate any slippage. The specimens were axially 

positioned in the middle of the clamp and screwed down. The pre-tightening force was then 

released before being tested under tension. The tensile speed was set as 5mm/s, according to 
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ASTM D638-03 for semi-rigid plastics. To get statistically reliable data, 5 tensile tests were 

carried out for each condition. Material mechanical properties were characterized by Young’s 

modulus, tensile yield stress, yield strain, and nominal strain at break. Young’s modulus was 

approximated by the secant modulus at 5% strain.  

     Nanoindentation was employed to study the local modulus and hardness of various 

morphological layers. Polymer samples were firstly embedded into epoxy resin and then 

solidified for more than 12 hours. The embedded samples were subsequently polished using 

silicon carbide paper (grade 2500), diamond suspensions (3µm) and colloidal silica (sub 

0.05µm). All experiments were performed at imposed depth of 500nm using a diamond 

Berkovich indenter tip using MTS Nanoindenter XP. Arrays of ~20 indentations were 

conducted across 400µm thickness at the ND-FD plane, as shown in Figure 4.         

3. Results and discussion  

3.1 Morphology observation 

Pebax micro dumbbell parts exhibit a typical “skin-core” morphology, as shown by PLM and 

SEM in Figure 5. Such morphology is made up of four distinct layers: skin, fine-grained, 

oblate and core layers. The skin layer is composed of a thin fast solidification layer and a 

shear layer 
[43]

. The thin fast solidification layer is around 8µm thick, characterized as having 

no visible structure and appearing as a bright interference color due to birefringence, since the 

transcrystalline structure and/or heterogeneous nucleation of crystalline entities are too small 

to be visible under PLM 
[21]

. The shear layer is around ~40µm, which has been observed in 

neat PA6 
[44]

. A clear boundary exists between the shear layer and its adjacent fine-grained 

layer. The fine-grained layer has many fine spherulites beneath the skin layer, as shown in 

Figure 5 (a) and (b). The boundary between the fine-grained layer and the oblate spherulite 

layer is not as clear as that between the skin and the fine-grained layer. The oblate layer is 

composed of transition spherulites from the fine-spherulites to the large spherulites, and is 

characterized by a smaller external side adjacent to the fine-grained layer and a larger internal 
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side near the core. The core layer contains randomly large spherulites formed under 

quiescent-like conditions, where the cross-section of a spherulite resembles a polygon with 

diameter ~10µm. A 10µm thin slice sample microtomed (B cut) from a molded part was 

imaged using AFM under tapping mode. As shown in Figure 6, stacked layer-like structures 

are visibly aligned along the flow direction at the skin layer. Small spherulites of the fine-

grained layer are ~750nm in diameter, where a 1-2µm transition layer exists between the skin 

and the fine-grained layers. The oblate structure seems to be aligned along the thickness 

direction. Larger spherulite crystals are found at the core layer with similar dimensions 

measured from SEM and optical imaging. Using tapping mode of Atomic Force Microscope 

(AFM), a high phase angle region is featured as white color, corresponding to a stiffer area. 

The soft phase of PTMO in Pebax behaves as a soft rubber at ambient temperature, 

corresponding to a low phase angle region. The high phase angle region is actually 

complicated, and could be crystalline PA or glassy PA. However, no significant phase-

separation morphology is observed in the AFM phase imaging. Additionally, some oriented-

like structure beside the spherulites can be observed in Figure 6 (c), which could be due to 

scratches or deformations introduced to the sample during sectioning. 

               

(a)                                           (b)                                        (c) 

Figure 5. Morphology distribution of Pebax 7233: (a) morphological layers by PLM, (b) 

morphological layers by SEM, and (c) spherulite core.   
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(a)                                   (b)                                   (c) 

Figure 6. Tapping mode AFM phase images of morphology from skin to core (Note: skin to 

core is oriented from left to right; flow direction is assigned from bottom to top): (a) transition 

from skin to fine grained layer (scanning area: 9µm×9µm), (b) transition from fine grained 

layer to oblate layer (scanning area: 40µm×40µm), (c) spherulite core (scanning area: 

50µm×50µm).  

3.2 Process-Morphology  

3.2.1 Optical microscopy 

Figure 7 shows the morphology variation under different process conditions. The average 

thickness of the morphological layers at the upper edge and the lower edge are displayed in 

Figure 8 (a). Cases 1 and 2 have the minimum skin thickness of ~25µm, while cases 4 and 8 

have the maximum skin thickness of ~65µm. The skin layer of cases 3, 5, 6, and 7 have a 

similar medium thickness from 36~43µm. Statistical analysis in Figure 8 (b) implies that the 

skin layer is influenced by injection velocity and mold temperature, as reported for 

Polyoxymethylene (POM) 
[45, 46]

.  

       The fine-grained layer and oblate layer are much thinner than the skin layer and their 

thicknesses range from 6 to 13µm. They are both absent for cases 3, 4, 5 and 8. As shown in 

Figure 8 (b), injection velocity and holding pressure both have a similar significant effect on 

the fine-grained layer, while holding pressure has a negligible effect on the skin layer. This 

indicates that nucleation of the fine-grained layer happens during the filling stage, while it 
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grows into small spherulites during the holding stage. Mold temperature has the most 

significant positive effect on the fine-grained layer. Jerschow et al. 
[11]

 described the fine 

grained layer as small spherulites without any orientation under PLM, which is formed at 

lower shear rates further from the mold wall. Once the shear stress is less than the critical 

shear stress, point nuclei would not grow into thread-like nuclei, but would instead grow into 

spherulitic crystals. It was reported by Schrauwen et al. 
[47]

 that the “shear layer” is created 

with thread-like nuclei and crystallizes in flow, while the “fine-grained layer” only nucleates 

in flow and crystallizes during the subsequent stages, as described in the present case.  

 

Figure 7. Variation of morphological layers (A cut) under various process conditions (c.f. 

Table 1).  

 

(a)                                           (b) 

Figure 8. Morphology variation under different process condition: (a) thickness and (b) 

statistical analysis. 
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         The thickness of the core layer ranges from 260~325µm, and was solely determined by 

mold temperature. This means that the core layer was also formed in the cooling stage. In 

Figure 7, it is important to notice that we observed special spherulite-free core morphologies 

in cases 3, 4, 5 and 8, compared to the typical spherulitic core morphologies of case 1, 2, 6 

and 7. Some core-free morphologies were found in micromolded parts of several materials, 

such as POM 
[45]

 and HDPE 
[25]

, where the core was either composed of oblate spherulite 

structures or an oriented row structure because of fast quench and high shear rates. For Pebax, 

microscopic observation reveals no perceptible structures in the central region. Under crossed 

polarized light, however, this region is gray, indicating that many tiny structures are actually 

formed. In addition, crystallinity measured by DSC does not change much for cases with 

spherulite-free cores, as shown in Table 1. Statistical analysis confirms that none of process 

parameters have a significant effect on crystallinity (see supporting information). Moreover, 

crystallinity increases slightly for cases 3 and 5, which have no spherulitic core region. This 

indicates that a core without large spherulites is composed of many small crystals, which are 

too small to be detected by polarized light microscopy. An explanation of the formation of 

such spherulite-free core structures is discussed below in Section 3.3.2.   

      One of the principal findings of this study is the appearance of irregular structures 

adjacent to the skin layer, marked by the red line box shown in Figure 9. For case 1, a ~30µm 

thick layer with larger spherulites than those in the fine-grained layer is observed between the 

skin and fine-grained layer. The spherulites in this region undergo a transition from many fine 

ones to oblate spherulites, following the thermal gradients. Crystal size is similar to that in the 

oblate layer. A similar region, ~20µm, can also be found for case 4. The crystals in this region 

are significantly larger than in its adjacent layers. The formation of such an irregular structure 

is because of a local temperature increase caused by shear heating. When a polymer melt 

passes down a flow channel, under the influence of a pressure drop Δp, if adiabatic conditions 

are assumed, the average temperature rise of the melt is 
[48]

:  
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p

P
T

c


   

where the average cavity pressure drop Δp is ~21MPa, melt density ρ is 0.8g/cm
3
 and polymer 

melt specific heat is 2800J/kg
o
C at 210

o
C. The local temperature increase is ~9

o
C. This 

temperature increase would reduce the effect of the thermal gradient and allow crystals to 

grow into a relatively larger size. Tan et al. 
[49]

 found that shear heating can cause the 

temperature to increase by ~2
o
C at the shear layer, compared to the core region, which 

changed the relaxation of fibers and influenced the final morphology. For the present case, 

high shear rates, up to ~10
4
s

-1
, could have accentuated this effect. However, such irregular 

microstructures do not present in every condition or even at different positions of a part, 

which depends strongly on local thermo-mechanical history.  

       

(a)                                                  (b) 

Figure 9. Irregular microstructure: (a) a large spherulite layer beneath the skin layer with a 

similar dimension of crystals in the oblate layer (case 1), (b) a spherulite layer between the 

skin layer and the spherulite-free core layer (case 4).  

       Two experiments had also been conducted based on the two most important factors, 

injection velocity (50~250mm/s) and mold temperature (60~100
o
C), to confirm the above 

analysis and to identify the temperature range where a spherulite-free core forms; their 

morphology distributions are shown in Figure 10. A spherulite-free core structure is formed 

when mold temperature is within the range of 80~90ºC. The skin layer increases with 

injection velocity and decreases with mold temperature. The size of the fine-grained layer 
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increases with injection velocity and mold temperature. This is consistent with the statistical 

analysis. Furthermore, the crystallinity remains consistent regardless of the variation of 

injection velocity or mold temperature. This coincides with our statistical analysis and also 

indicates that the spherulite-free core region is composed of many small crystals. 

 

 (a)  

 

(b) 

Figure 10. Morphology under various injection velocities (a) and mold temperatures (b). 

3.2.2 Small and wide angle X-ray scattering (SWAXS) 

As shown Figure 11 (a), Figure 12 (a) and (c), 2D scattering intensity is not evenly distributed 

and exhibits two most intensive regions at the meridian, indicating that all the samples are 

oriented. Cases 4 and 8 have the maximum orientation factors, 0.64, while cases 1 and 2 have 

the minimum values, 0.45. Statistical analysis, as shown in Figure 11 (c), implies that 

injection velocity and mold temperature are the most significant factors (negative) on the 

orientation factor. As indicated in Figure 12 (a), the lamella orientation factor decreases from 

0.68 to 0.5, when injection velocity increases from 50mm/s to 250mm/s. For various mold 

temperatures, the orientation factor ranges from 0.54~0.6 and does not change significantly, 
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as indicated in Figure 12 (c). This is consistent with statistical analysis. It should be noticed 

that the overall molecular orientation does not increase with an increase of injection velocity. 

Instead, it depends on the thickness of oriented layers, when comparing Figure 10 (a) and 

Figure 12 (a). In Figure 12 (a), the intensity at the meridian reduces significantly, as indicated 

by the 2D scattering pattern after the skin was polished away. When the normalized 

orientation factor is correlated with the normalized skin layer thickness for all the 

experimental conditions, a roughly linear proportional relationship exists between them, as 

shown in Figure 13, which implies that the orientation is mainly generated from the skin layer, 

while the core layer is almost isotropic. Healy et al. 
[50]

 and Malhab & Regnier 
[51]

 examined 

molecular orientation of HDPE and found that increasing injection velocity and cavity 

thickness could decrease the level of orientation; however, neither of them were able to 

explain the reasons for this from a processing perspective. In a typical shish-kebab structure, 

two maxima were present at the equator and meridian in the 2D SAXS pattern, representing 

shish and kebab structure, respectively 
[52]

. In the present study, only a meridional maximum 

is observed, which indicates that the oriented skin layer is mainly composed of stacks of 

oriented lamellae. Since the nucleation and growth of kebabs or lamellae perpendicular to the 

flow direction has to grow from shish or row nuclei, shish-like structures should be observed 

from the 2D SAXS pattern. The absent of an equatorial maximum is possibly because the size 

of the isolated shish structure is so small or the concentration of shish structure is too low to 

be detected by SAXS 
[52]

. 

  
  (a)                                       (b) 
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(c)                                        (d) 

Figure 11. (a) 2D scattering patterns from case 1 to case 8 (flow direction is from left to 

right ), (b)1D normalized scattering intensity versus scattering vector from case 1 to case 8, 

(c) Statistical analysis, (d) DSC thermograph.          

 
 

(a)                                      (b)    

   
(c)                                     (d)                                                                                            

Figure 12. (a) 2D scattering patterns from 50~250mm/s (flow direction is from left to right), 

(b) Normalized scattering intensity versus scattering vector at various velocities, (c) 

Normalized scattering intensity versus scattering vector at various temperatures, (d) 2D 

scattering patterns from 60~100°C.   
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Figure 13. Relationship between overall orientation and skin thickness. 

         The long period of cases with a spherulite core (1and 2, 6 and 8) is likely to be larger 

than cases with a spherulite-free core (3 and 5, 4 and 8), as indicated by Figure 11(b). 

Statistically, the average long period increases with mold temperature and decreases with 

injection velocity, as shown in Figure 11 (c). When injection velocity increases from 50mm/s 

to 250mm/s, the long period reduces from 10.35 to 9.35nm. Instead, when mold temperature 

increases from 60
o
C to 100

o
C, the long period increases from 8.16 to 10.04nm. Since lamella 

thickness is significantly affected by crystalline kinetics 
[53]

, variation of injection velocity and 

mold temperature can influence the quench conditions and crystalline time, and thus affect the 

lamella thickness. However, explanation of this process effect needs careful study on the 

material crystallization process. When compared to compression molded Pebax 7033 thin 

films 
[29]

, the long period of a micro molded part is 29%~47% narrower. In addition, the long 

period reduces from 8.963 to 7.963nm under case 2 after the skin layer is removed, indicating 

that the long period of the skin layer is possibly larger compared to the core layer. However, 

for case 4, no significant difference is observed from the 1D scattering curves before and after 

the skin layer has being removed.  

         It is also interesting to find an exothermal peak right before the endothermic peak from 

the DSC thermographs for cases 1, 2, 6, and 7, which have large spherulitic crystals, as shown 

in Figure 11 (d). This phenomenon resembles as cold crystallization, where an exothermic 
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peak occurred in between glass transition temperature and melting temperature during heating 

[54, 55]
. The DSC plots for cases 1, 2, 6 and 7 seem similar to cases 3, 4, 5, and 8 apart from 

small peaks before large dips. Conditions with spherulite-free cores produced under high 

cooling rates seemed to minimize the magnitude of cold crystallization. A slower cooling 

enables nucleation and growth of large spherulite crystals, but some crystals are not perfect 

due to limited crystallization time and they could continue to crystallize until the proper 

crystallization temperature is reached. This behavior was also found by Rhee and White 
[56]

 

for PA12 films during aging. The same behavior is also observed in cases with different 

injection velocities, all of which are associated with a large spherulitic core, as seen in Figure 

14. This may be associated with the interfacial stress generated between metastable or 

imperfect crystal structure during formation upon cooling, in which the stress were then 

manifested as heat emitted when sufficient heat energy is supplied, enabling more flexible 

movement of polymer molecules, e.g. above glass transition temperature 
[55]

. These 

exothermal peaks were also observed in cases where the mold temperature exceeds 90
o
C, 

allowing formation of a spherulitic core. The enthalpy of cold crystallization of PA12 is found 

directly proportional with mold temperature, suggesting higher amount metastable or 

imperfect crystals formed at lower cooling rate within Pebax (see supporting information 

Table S1).  
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Figure 14. DSC thermographs showing endothermic peak in cold crystallization of PA12 at 

various velocities and mold temperatures.   

       In Figure 15,  two main WAXS peaks are observed at ~5.8º and ~21.5º, which correspond 

to the (001) and (020) diffraction planes of the γ phase of PA12, respectively 
[57]

, as seen in 

Figure 15 (b). Another peak at ~11.7
o
 presenting in configuration 2, when the sample is 

aligned vertically, is found to correspond to the (040) diffraction plane of the monoclinic γ 

phase, according to the crystal structure of PA12 proposed by Inoue and Hoshino 
[56, 58]

. As a 

result, the crystalline phase of Pebax 7233 SA01 can be deduced as being mainly the stable γ 

phase. Since the scattering intensity for the crystalline planes (001) and (020) at the meridian 

diminishes after the skin layer is polished away, crystals in the core layer are much less 

oriented or more isotropic, as indicated in Figure 15 (c). This is further supported by 

decreased hermans orientation factor after the skin removal, see Figure 11 (a).  

 

(a)                                          (b)                                          (c) 

Figure 15. (a) 2D scattering patterns of configuration 1 (sample aligned along FD) and 

configuration 2 (sample aligned perpendicular to FD), (b) 1D intensity profile of 

configuration 1, (c) 2D scattering of case 2 (left) and 4 (right) after skin layer being polished 

away.  

3.3  Morphology interpretation  

3.3.1 Flow induced crystallization 
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As discussed in the introduction section, injection molding is a short term shear protocol 

under high stress and high shear rates with non-isothermal conditions and thermomechanical 

history. In the present work, the shear stress varies from 0.3MPa to 0.6MPa with shear time 

ranging from 0.007s to 0.0042s over various conditions, which are around 1 and 2~3 orders of 

magnitudes higher than in a laboratory based short-term shear protocol, respectively. Due to 

the difficulties of resolving birefringence and/or X-ray scattering on the msec time scale, and 

the difficulties of implementing well-defined conditions for a short-term shear protocol in an 

industrial process, it is not possible to study flow-induced crystallisation in injection molding 

using a laboratory based method.         

       Relying on the fact that shear stress in pressure driven flow varies linearly along the 

channel thickness direction from zero at the center line to the maximum at the wall 
[14, 15]

 (see 

Figure 16), we used in-line process monitoring and morphology observation to study flow 

induced crystallization in injection molding process. The linear profile of shear stress is 

derived directly from a force balance, which is independent of the material’s viscoelastic 

properties in the channel and velocity boundary conditions in the wall 
[15]

. The flow is 

considered to be fully developed with no viscoelastic flow present in the region between 

sensor 1 and sensor 2, as indicated by morphology observations 
[59]

. Process parameters in the 

plastisization stage are maintained constant the same for all process conditions to ensure the 

polymer melt has a general uniform thermomechanical history before injection.  

 

Figure 16. Schematic of velocity profile and shear stress profile across the gap of the 

rectangular slit channel. 
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        As justified by Mykhaylyk et al.’s  SAXS study 
[1]

 and real time depth section used by 

Kornfield et al. 
[15]

, morphology transition can be detected by PLM. Since wall shear stress 

can be calculated from Equation 3, the corresponding critical shear stress at the morphology 

interface can be estimated from: 

wall

r

R




                                                              (9) 

where  is wall shear stress, wall is the critical stress at the morphology interface,  r and R are 

distances from the center of the cavity to the morphology interface and to the cavity wall, 

respectively, see Figure 16. Because the skin layer develops during non-isothermal filling, the 

effective flow width decreases during filling and this will influence the measurement of shear 

stress, which will be discussed later in this section.  

        The specific work (SP), w, is defined by Janeschitz-Kriegl 
[6]

 as the work done on a unit 

volume of sheared polymer melt: 

          2

0
[ ( )] ( )

st

w t t dt                                                          (10) 

where η is the shear rate dependent viscosity, ( )t  is shear rate and the integration is over the 

entire shearing time, ts. Because obtaining the shear rate in a pressure driven flow is 

complicated by material properties, only the apparent specific work at the wall can be 

estimated:  

   2

sw t                                                                  (11) 

where   is the average viscosity over the experienced apparent shear rates, ts is the shear time, 

which is estimated by the cavity filling time (Δt1) when polymer melts travel from sensor 1 to 

sensor 2 (see Figure 3). In the present work, flow condition is characterized by wall shear 

stress and apparent wall specific work.   

        In conditions where the injection velocity increases from 50mm/s to 250mm/s at the 

same degree of supercooling (70ºC), the specific work ranges from 95~126MPa and has a 
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similar pattern to the wall shear stress when the shear rate increases, as shown in Figure 17 (a). 

The maximum specific work is achieved by the lowest shear rate; the minimum specific work 

occurs between 10000s
-1

 and 15000s
-1

, which is because of the interactions between the shear 

rate, shear time and viscosity. As indicated in Figure 17 (a), the critical shear stress for 

forming the skin and fine-grained layers are consistent, almost independent of the shear rates. 

The critical shear stress to form the skin layer is 0.3MPa with a standard deviation of 0.016, 

when the shear rate increases from 4×10
3
s

-1
 to 2.5×10

4
s

-1
. The critical stress for forming the 

fine-grained layer is 0.27MPa with a standard deviation of 0.013. The degree of supercooling 

is defined as a temperature difference between the equilibrium melting temperature (~184
o
C) 

and the mold interface temperature 
[31]

. Figure 17 (b) shows that the skin thickness increases 

as the degree of supercooling increases, while the fine-grained layer reduces with an increase 

of the degree of supercooling. Generally, the higher the degree of supercooling, the faster the 

solid-liquid interface advances into the core of the sample, which creates a thicker skin. A 

thicker skin acts as a heat more efficient isolator and gives rise to a thinner fine-grained layer. 

The average specific work also increases directly with the degree of supercooling, but the 

critical shear stresses of the skin layer and the fine-grained layers do not change with the 

degree of supercooling. They remain consistently at 0.26MPa with a standard deviation of 

0.006, which approximates the critical stress under various shear rates. As a result, we can 

conclude that shear stress is independent of skin thickness and processing conditions for the 

same part. This proves that shear stress is a good threshold to characterize the onset of an 

oriented structure under any real injection molding process. This may enable control of 

morphology and even properties by monitoring and controlling shear stress.  
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(a)                                                                    (b) 

Figure 17. Variation of critical stress, morphology thickness and specific work (SP) with (a) 

shear rate, (b) degree of supercooling. 

        However, critical shear stress is not the same for all the conditions and it has standard 

deviations ranging from 0.006 to 0.013. Such deviation suggests how better to define a 

threshold value for the onset of oriented structures. Figure 18 shows the variation of critical 

shear stress of the skin layer with degrees of supercooling and shear rates. Obviously, with 

respect to all the molding conditions, critical shear stress remains consistent over a wide range 

of the degree of supercooling for a narrow range of shear rates. This implies that quenching 

alone has a minor effect on the formation of oriented structures. However, if the degree of 

supercooling remains constant, the critical shear stress presents a pattern of first increasing 

and then decreasing when shear rate increases. Since the critical shear stress is calculated 

from the skin layer thickness and wall shear stress, it is reasonable to claim that heat transfer 

can significantly reduce the effective thickness of a flow channel at lower shear rates, leading 

to an increased flow resistance and consequently to increased shear stresses. At the same time, 

high-speed injection needs a high driving force, which results in an increased wall shear stress 

and critical shear stress.  
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Figure 18. Distribution of critical shear stress for the onset of oriented structures against shear 

rates and degree of supercooling at a fixed cavity thickness 400μm.   

       Since both quench and specific work can promote nucleation, it would be interesting to 

see the interaction of both on skin layer development, as mapped in Figure 19. Skin ratio is 

found to increase with specific work at a lower degree of supercooling (high mold 

temperatures). This effect gets weaker when the degree of supercooling increases. 

Nevertheless, the maximum skin ratio can only be achieved at the highest specific works and 

low to medium degrees of supercooling. This further explains the role of flow on the 

formation of oriented structures. It is also interesting that skin ratio does not directly increase 

with the degree of supercooling, when the specific work is constant. Crystallisation from 

thermal and flow effects determine the skin layer thickness and final part anisotropy.  

 

Figure 19. 2D mapping of skin ratio versus specific work and degree of supercooling.  

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



    

 - 31 - 

3.3.2 Formation of spherulite-free core structure 

When the degree of supercooling is greater than 90ºC with a corresponding molding 

temperature below 80ºC, the central region of the part ends up with a spherulitic-free structure. 

The white interference color indicates that a variety of tiny crystals occupy the central region. 

Temperature-Time-Transformation curves (TTT curves) are used to explain crystallization 

kinetics of slow crystallizing polymers, such as PA12, Poly(phyenylene sulfide), Poly(ether-

ether-setone) and Syndiotatic polystyrene 
[39, 60]

, which have been applied for the first time to 

Pebax 7233 in the present work. The schematic of the TTT curves in Figure 20 illustrates the 

locus of points at which crystallization begins versus temperature and logarithmic time. If the 

melt cooling curves intersect the TTT curves, crystallization starts. Otherwise, the polymer 

melt is supercooled to form a glassy-like structure. Furthermore, stress induced orientation 

and stretching can enhance the crystallization rate and shifts the TTT curves to the left and 

upwards 
[61]

. Each stress level corresponds to one TTT curve. Here, we relate the critical shear 

stress of different morphological layers to these critical TTT curves in order to explain the 

formation of spatial structures. The boundary mold temperatures leading to a spherulite core 

structure are in the range of 80~90ºC. It is known that the cooling rate is higher near the 

surface and is lower near the core. As shown in Figure 20 (a), both cooling curves of location 

A at Tm=80
o
C and 90

o
C intersect the curve of the wall shear stress, σwall, but do not crossover 

the curve of the critical stress of the skin, σskin, implying the formation of a skin layer. At 

location B, the cooling curve of Tm=90
o
C intersects the curve of the critical stress of the skin 

layer, but not the curve at the critical stress of the fine grained layer, σfine-grained, which leads to 

the creation of a fine-grained layer, while the cooling rate at Tm=80
o
C is too fast to intersect 

any TTT curve, leading to a glassy-like structure. In addition, because the shear stress at 

location B at Tm=80
o
C is still less than the critical stress of the skin layer, many nuclei grow 

into many small crystals because of high quench and yet they are too small to be detected by 

PLM, forming so-called “glassy-like structure” in the present work. At location C, the cooling 
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curve at Tm=90
o
C crosses both TTT curves at the critical stress of the fine-grained and the 

core layers, implying that an oblate transcrystalline layer and a core layer finally form, along 

with a skin and a fine grained layer. However, the cooling rate at Tm=80
o
C is still too high to 

form a spherulitic core.  

 

Figure 20. TTT diagrams for the development of morphology layers (dotted line is the critical 

TTT curve; big black dot on crystalline image is the corresponding position; cooling rate is 

marked by gray line (Tm=80
o
C) and black line (Tm=90

o
C)).  

3.4 Mechanical properties 

The engineering stress-strain curves of microinjection molded Pebax parts were obtained from 

uniaxial tensile tests at various process conditions and given in Figure 21. Mechanical 

properties of micro parts and standard tensile specimens (from material supplier) are 

compared, as listed in Table 2. Although processing methods would affect mechanical 

properties, this comparison would still indicate how much difference exists between macro 

samples and micro samples. Young’s modulus under micro molding is approximately half of 

that for a conventional macroscale specimen; strain at break is 30% less than expected from 

material supplier data sheets; yield stress and yield strain are 1.6~2 times higher than standard 

samples. The following section attempts to explain this discrepancy from a processing 

perspective.  
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Figure 21. Macroscopic tensile behavior of microinjection molded samples at various process 

conditions.  

Table 2. Comparison of Pebax 7233 mechanical properties (maximum) under two typical 

morphologies with data of standard specimens from material supplier (n=5 for present listed 

experiments).    

 

Young’s 

Modulus 

(MPa) 

Strain at break (%) Yield stress (MPa) 

Yield strain 

(%) 

µIM(spherulitic core) 275 204 39 35 

µIM (non-spherulitic 

core) 

263 269 42 37 

Arkema(ISO 527-1/-2) 522 >300 26 18 

 

 

3.4.1 Nanoindentation  

The distribution of hardness and modulus of the skin, fine-grained, oblate and core layers are 

studied using nanoindentation along the thickness direction at the ND-FD plane, as shown in 

Figure 22. The modulus first decreases from the skin to the fine-grained, oblate layer and then 

increases at the core layer. This distribution is non-symmetric because of the non-uniform 

mold temperature of the moving half and stationary half. The moduli of the skin and core 

layer under process condition 5 (spherulite-free core) are 0.85±0.06GPa and 0.78±0.11GPa, 

respectively. For condition 6 (spherulite core), they are 0.96±0.16GPa and 0.83±0.04MPa. 
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This indicates the that skin layer has a higher modulus than the core layer for Pebax, 

regardless of the core structure, as similar observation was reported in polypropylene 
[62]

. 

Indentation hardness measures the resistance of a material to local deformation produced on a 

surface by a sharp indenter upon application of a given load 
[63]

. For polymer material, 

hardness is related to crystallinity, glass transition temperature and crystal thickness, etc. The 

hardness of skin and core layer under process condition 5 is 0.075±0.008GPa and 

0.068±0.014GPa, respectively. Under process condition 6, the hardnesses of the skin and core 

are 0.083±0.009GPa and 0.071±0.003GPa, respectively. Hardness and modulus of an 

injection molded part are affected mainly by crystallinity and superstructure, such as cross-

hatched lamellae 
[17]

. It was reported that crystallinity decreased from the core to the surface 

for both microinjection molding 
[25]

 and conventional injection molding 
[10]

, because of 

quenching at the mold wall. Therefore, the higher modulus and hardness at the skin layer is 

mainly attributed to its highly oriented structure 
[17]

.   

 

(a)                                                             (b) 

Figure 22. Modulus and hardness distribution across thickness direction for case 5 

(spherulite-free core) and case 6 (spherulite core): (a) indentation modulus, (b) hardness. 

3.4.2 Bulk mechanical properties 

Figure 23 shows the variation of Young’s modulus, strain at break, yield stress, and yield 

strain of samples produced under each process condition (see supporting information Table 

S1). Skin ratio and orientation factor exhibit similar patterns, since the overall molecular 
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orientation is influenced mainly by the thickness of the oriented skin, as indicated previously 

in Figure 13. The crystallinity has exactly the opposite pattern to the skin ratio, which implies 

that the skin layer has a lower crystallinity than the core layer. The long period changes in a 

narrow range and does not follow the variation of skin ratio. Strain at break follows the 

patterns of skin ratio and molecular orientation, which indicates that a thicker skin gives rise 

to higher elongation. Statistical analysis in Figure 24 shows that the strain at break increases 

with a decrease of injection velocity and mold temperature, since they reduce the skin 

thickness. When mold temperature increases from 60ºC to 100ºC, strain at break decreases 

with an increase of mold temperature, following the trend of the skin ratio, as shown in Figure 

25 (a), regardless of core structures. Meanwhile, in Figure 26 (a), when injection velocity 

increases from 50mm/s to 250mm/s, strain at break increases with an increase of skin ratio 

and orientation factor, while crystallinity and long period have little variation. But this result 

contradicts previous studies, where the skin layer was found to be easy to fracture because of 

oriented structures 
[64, 65]

. Fujiyama et al. 
[66]

 reported that the skin layer had a higher yield 

point and ruptured without necking; high yield was explained as being due to fibril structures, 

which had high strength; rupture without necking was because kebabs were aligned 

perpendicular to the uniaxial tensile direction, and rotation of these about the tensile direction 

was difficult and thus unfolding of molecular chains was also difficult. Such a discrepancy 

may because the crystallinity of the skin is lower than in the core, which contains more 

amorphous soft segment PTMO and amorphous hard segment PA12. The soft segment of 

Pebax (PTMO) could work as a rubber-like connection between the amorphous phase and 

crystalline phase, meaning that lamella rotation and unfolding would occur earlier. In addition, 

skin has a lower concentration shish structure, which facilitates lamella orientation and 

unfolding.  
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(a) 

 

(b) 

Figure 23. Variation of morphology (crystallinity, skin ratio, long period, and orientation) 

and mechanical properties: (a) Young’s modulus and strain at breaks, (b) yield stress and 

yield strain.   

 

(a)                                                       (b) 

Figure 24. Statistical analysis of effect of process parameters on mechanical properties: (a) 

Young’s modulus, strain at break; (b) yield stress and yield strain.   
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       Young’s modulus of Pebax samples produced under different processing conditions 

exhibits a complex pattern, where cases of spherulite cores (cases 1, 2, 6 and 7) have a higher 

modulus than cases of spherulite-free core (cases 3, 4, 5 and 8), as shown in Figure 23 (a). 

When mold temperature increases from 60ºC to 80ºC (corresponding to spherulite-free core), 

the modulus decreases slightly, and then increases when mold temperature rises from 80ºC to 

100ºC (corresponding to spherulitic core). For Pebax, deformation under low strain is 

confined to the soft segment PTMO and amorphous hard segment PA12. Spherulite crystals 

can serve as rigid “fillers” to reinforce the softer matrix and enhance the modulus by an 

increase in the spherulite concentration 
[67]

. Modulus decreases with a decrease of skin ratio 

and orientation factor, when injection velocity increases from 50 to 250mm/s, as seen in 

Figure 26 (a). In accordance to nanoindentation test results, indentation modulus and hardness 

of the core are slightly lower than of the skin. The skin is composed of oriented lamellae. At 

lower strain, the soft segment is gradually aligned by affine deformation along the uniaxial 

tension direction and lamella rotate with their long axes orientated towards the tension 

direction 
[30]

. Such rotation is difficult because the oriented lamellae and shish structures are 

restrained, resulting in a high modulus. Since the skin behaves stiffer than the core, its relative 

importance on the global properties of an injection molded part is then enhanced by the 

thickness of the skin.      

        Yield stress follows the same varying patterns of the skin ratio and orientation factor 

with the degree of crystallinity, as shown in Figure 23 (b). Statistically, yield stress increases 

with a decrease of injection velocity and mold temperature, as shown in Figure 24. When 

mold temperature increases from 60ºC to 100ºC, the yield stress decreases first for the 

spherulite-free core as there is a decrease of skin ratio, and then increases for the spherulitic 

core, as shown in Figure 25 (b). In addition, in Figure 26 (b), yield stress decreases with a 

decrease of skin ratio and molecular orientation, as the injection velocity increases from 

50mm/s to 250mm/s. The high yield stress of the skin layer is considered to be due to shish 
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structures, because fibrous crystals have a high strength and deeply penetrated texture 
[66]

. 

Although shish structures are not detected by SAXS, they still exist and would consequently 

enhance yield stress. Oriented lamellae of the skin can also resist stress in the tension 

direction and can contribute to a higher yield stress.  

     Yield strain weekly follows the variation of skin ratio and orientation factor, which is the  

opposite for the crystallinity. Statistical analysis confirms that yield strain increases with a 

decrease of mold temperature, as shown in Figure 24. It is also seen that cases 1, 2, 6, and 7 

have a lower yield strain than cases 3, 4, 5, and 8, which indicates that spherulite-free cores 

are associated with a higher yield strain. As shown in Figure 25 (b), yield strain first increases 

and then decreases, and finally increases when the core structure changes to spherulite 

crystals.  Additionally, yield strain increases with an increase of injection velocity, which 

follows the opposite trend of skin ratio and molecular orientation, as shown in Figure 26 (b).  

 

(a) 

 

(b) 
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Figure 25. Effect of mold temperature on morphology and mechanical properties: (a) 

Young’s modulus, strain at break; (b) yield stress and yield strain.   

 

(a) 

 

(b) 

Figure 26. Effect of injection velocity on mechanical properties: (a) Young’s modulus and 

Strain at break, (b) yield stress and yield strain.    

4. Conclusions  

In the present work, crystallization of Pebax 7233 micro dumbbell part under the 

microinjection molding process and its effect on mechanical properties have been studied. 

Firstly, a typical “skin-core” morphology is found in Pebax samples with two types of core 

structures: large spherulitic cores and spherulite-free cores, depending on quench conditions, 

which is explained by reference to TTT diagram. The stable γ phase of PA12 is the main 

crystallization phase of Pebax 7233, as discovered by WAXS. Process conditions that lead to 

spherulitic cores exhibit significant cold crystallization behavior unlike those of spherulite-
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free cores. Secondly, the thickness of the skin layer is determined by injection velocity and 

mold temperature; the fine-grained layer is influenced by injection velocity, holding pressure 

and mold temperature; the oblate and core layers are determined by mold temperature. 

Irregular “large spherulite” structures form beneath the skin layer because of local shear 

heating. Molecular orientation of micromolded parts is governed by the thickness of the 

oriented layer.  

        Nanoindentation indicates that the skin layer has a higher modulus and hardness than the 

core, regardless of the core structures (spherulitic or non-spherulitic). Bulk mechanical 

properties are closely related to skin-core morphology: strain at break and Young’s modulus 

both increase with an increase of skin-ratio and orientation; yield stress also increases with an 

increase of skin ratio, but yield strain decreases with an increase of skin ratio, provided that 

the core has the same structure. High shear rates and thermal gradients of microinjection 

moldings influence crystallization kinetics and modify skin ratio and induce variation in 

crystallinity, molecular orientation, and crystal length etc., all of which influence mechanical 

properties and differ significantly from macro sized samples. Mechanical testing at the micro 

scale is necessary in order to understand material behavior at this level.   

       A comparison method between a “short-term shear protocol” and microinjection molding 

was proposed so as to prove that a threshold for the onset of oriented structures in a laboratory 

based process is still valid for the high stress, high shear rates associated with real processing 

conditions. It was found that the critical shear stress at the skin layer is 0.298MPa with 

standard deviation 0.024, which is almost independent of flow conditions. Shear stress proved 

to be a good candidate to characterize the onset of oriented structures under real molding 

conditions. This means that using shear stress as an in-line feedback signal during processing 

may enable in-line control of product morphology and thus product properties.   
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