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 I 

Abstract 
Polymeric micro parts and micro/nano scale features, as typically found on 

miniature medical devices and microfluidic chips, are mainly produced by the 

micro injection moulding process, because of its mass production capability. 

Because of high surface to volume ratios, filling small cavities and tiny features 

requires high temperature and high speed in order to prevent short shots from 

premature solidification. The polymer melts are consequently subject to high shear 

rates and thermal gradients. This thesis has characterized the micro injection 

moulding process, polymer rheological behaviour at the micro scale, micro/nano 

feature replication, and morphology development and mechanical properties of 

micro parts and micro features. 

       An in-line process monitoring system was developed to characterize filling, 

packing, and cooling of a typical micro component having a large sprue and runner. 

A shot size optimization method was proposed, which successfully eliminates the 

effect of machine switchover and holding pressure on the cavity filling process.        

Using a slit flow model, polymer melt viscosity at the micro scale was found to be 

dependent on cavity thickness and was lower than conventional viscosity, which is 

attributed to wall slip and non-isothermal flow. Replication of multi-scale features, 

ranging from hundreds of microns to as small as 100nm, has been successfully 

achieved by micro injection moulding using Bulk Metallic Glass tool inserts. 

Feature replication is characterized with respect to the moulding process and to the 

material, design, and feature configuration. Bulk Metallic Glass tools can 

successfully retain mould patterns for ~20,000 moulding cycles. Poly (ether block 

amide) micro parts exhibit some unique morphological features: spherulite-free 

core, larger spherulites between a skin layer and fine-grained layer/core layer. 

Shear stress was shown to be a successful threshold for the onset of an orientated 

structure by comparing the micro injection moulding process to a “short-term shear 

protocol”. The morphology of the micro features was found to be similar to that of 

the core region, and the skin layer deformed into micro feature cavities depending 

on local pressure. Process-morphology-mechanical properties are correlated for 

micro parts.  
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Chapter 1 

Introduction 

1.1 Motivation 

The development of MEMS and Microsystems is inspiring the global trend 

toward miniaturization, which is creating a huge market for micro components 

and large parts having micro and nano-scale features (1-3), such as micro gears 

in functional miniaturized devices and microfluidic devices which are widely 

used in chemical, biological and medical diagnostics (4). Currently, the 

dimensions of micro channels for microfluidic devices range from 10µm to 

100µm, and even extend to the submicron and nanometer scale for 

manipulation and measurement of individual molecules (5-7). Nanophotonic 

devices, superhydrophobic surfaces and optical gratings are all macro in scale, 

but they all have surface features in the micro and nanometer scale (8-10). 

Novel miniaturized products and components, such as hearing aids (11) and 

microneedles (12), are composed of small components with micro details, for 

example micro switches and hollow micro needles for drug delivery. Therefore, 

a mass production process with high replication accuracy needs to be developed 

for such devices. Polymer is the most promising material for both MEMS and 

Microsystems, due to its low cost, available fabrication technologies and wide 

range of mechanical and optical properties and chemical resistances, etc. (13, 

14). On the basis of conventional injection moulding technology, micro 

injection moulding has demonstrated itself to be a key enabling fabrication 

technology for mass production of polymer micro components with complex 

shapes and products with high quality surface features. Basically, there are three 
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categories for defining a product or component as micro injection moulding 

(15): 

• The mass of the part is of the order of a few milligrams, and possibly 

has dimensions in the micrometer range; 

• The part dimensions are comparable to a conventional injection 

moulded product, but it contains regions of details or features with 

dimension(s) in the micrometer range; 

• The parts can have any dimensions, but they have tolerances on the 

micrometer scale. 

     Although micro injection moulding is a rapidly growing process, relatively 

little effort has been made to understand the relationship between process, 

rheology, micro and nano-scale feature replication, and the morphology and 

properties of microparts/microfeatures.   

      Micro injection moulding is not simply a scale-down of conventional 

injection moulding. From a processing perspective, decreasing a cavity size 

poses challenges for filling the cavity, especially when its dimensions decrease 

to the micro/nano scale. Firstly, due to a decrease in the size of components, the 

volume of a moulded part decreases to several cubic millimetres in the extreme, 

which requires very precise metering of polymer to ensure process consistency, 

etc. Some industrial micro injection moulding trials indicated that moulding 

micro parts with conventional injection moulding machines involved significant 

challenges of mould design and had generated problems of process consistency, 

long cycle times, material waste and residence problem (degradation) due to 

excess material remaining idle in the barrel. Secondly, consistency is of 

paramount importance for micro injection mounding. Micro moulded parts 

require extremely demanding tolerances with some optical components 

requiring tolerances of less than ±3µm (16). A consistent process must ensure 

proper and repeatable replication of micro/nano features and corresponding 

tolerances. Thirdly, extreme process conditions modify the microstructure and 

properties of polymers. Compared with conventional injection moulding, the 
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surface-volume ratio is greatly increased for microparts or features, which 

means that surface physical phenomena are dominant. For example, for some 

ultra-thin wall parts, the cooling process is very fast, which leads to premature 

solidification and a high pressure drop. Filling of such small cavities needs high 

pressures and high temperatures in order to obtain fast injection. This process is 

still not fully understood, due to difficulties of process measurement in small 

cavities. Additionally, for replicating micro/nano surface features, the 

combination of all process parameters should guarantee that a macro part has no 

defects, such as short shot, thermal degradation or flash, and meanwhile, that 

micro/nano features are replicated with high quality and high consistency. How 

the best combination of process parameters can be acquired and assessed are 

still questions faced by researchers and industry.  

       Rheological characterization of polymer melts is widely used in process 

monitoring, quality control, process design and simulation, and troubleshooting 

applications (17). Generally, instrumentation based on rotational, capillary or 

slit flow is used to obtain accurate rheological measurements at a series of set 

strain rates and temperatures (18, 19). Because of the high surface to volume 

ratio for micro parts and micro/nano scale features, heat diffusion is extremely 

fast. Polymer melt solidifies particularly rapidly. Elevated temperature and 

higher pressure are mainly used to fill the polymer melts into micro cavities as 

quickly as possible. Consequently, the polymer melt will experience very high 

shear rates and very high thermal gradients. Shear rates under such extreme 

conditions can exceeds 106s-1 (18). Additionally, wall slip and viscous heating 

will occur. How these influence melt rheology and cavity filling remains 

unclear.  

       Replication of high aspect ratio micro/nano features is mainly dependent on 

process and tooling technology. From a processing perspective, high injection 

pressure and high temperature (mould and barrel temperature) are generally 

efficient ways to improve filling. Development of variotherm mould 

temperature controlling systems and vacuum venting system could significantly 

promote filling of high aspect ratio features. However, it is still not clear how 
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process parameters influence filling of submicron scale features. Various issues, 

such as feature design, orientation relative to flow direction, capillary force, and 

substrate thickness, all influence pattern replication. The replication of 

micro/nano-scale features also poses challenges for the tooling technologies and 

a durable mould tool with well-fabricated micro/nano-scale features are critical 

for mass production using the micro injection moulding process. The traditional 

silicon-based moulds are brittle and have limited longevity (10, 20, 21). Metal, 

such as a nickel stamper, has been widely used as micro/nano-scale moulds (9, 

22). However, this requires electro deposition of nickel, which is a slow and 

expensive process, and nickel shim is also thin and very flexible. Although 

metal moulds are stronger than semiconductors, the patterning of metals below 

10µm scale is limited by their finite grain size (23). Novel tooling materials and 

manufacturing technology to integrate of multi-scales features are required.  

      It is recognized that the final properties of an injection moulded part are 

strongly dependent on morphology, orientation, and residual stress (24-27). 

Unique morphological features and mechanical properties are finally formed 

under extreme micro injection moulding. However, characterizing the 

microstructure of a micropart remains difficult, since the dimensions involved 

are so small. Characterization of a small section of a component always requires 

great care and specialized facilities, such as microbeam X-ray diffraction. 

Correlation of machine parameters with an actual moulding process, rheology, 

micro/nano feature replication, and final morphology is still rare.  

1.2 Objectives  

This work integrates both the characteristics of micro parts and multi-scale 

surface features into a micro dumbbell part. The study attempts to use in-line 

process monitoring and characterization to study the filling, packing and 

cooling of micro parts. The rheological behaviour of polymer melts at the micro 

scale in a real moulding process will be examined. A systematic study will be 

carried out on various issues of replication of features smaller than 5 micron 

feature. The evolution of part properties, including surface features, under an 
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extreme micro injection moulding process and the resulting microstructure and 

performance relationships will also be characterized.  

1.3 Layout of thesis 

• Chapter 2 provides background information on a diverse range of 

topics pertaining to this thesis. A brief description of heat transfer of 

high aspect ratio parts is given. A review of challenges from machine 

and mould design, process monitoring and control, material rheology in 

microscale, and feature replication of micro injection moulding is 

carried out. A review of application of micro injection moulding for 

microfluidics is also included. Then, a review of relevant literature on 

crystallization and morphology development under shear flow and 

quiescent conditions is presented. Finally, a remark on micro injection 

moulding is proposed based on all the reviews.  

• Chapter 3 describes the machine, mould, and materials used in this 

work; basic research methodology and characterization method are also 

included.  

• Chapter 4 mainly characterizes the micro injection moulding process, 

including filling, holding and cooling stages for production of micro 

parts; a process optimization method is also proposed for typical 

configuration of large sprue and runner attached with microparts.  

• Chapter 5 details rheological behaviour of polymer melts at microscale 

under real moulding process. All the rheological features are explained 

based on wall slip and non-isothermal flow. Effect of plastication on 

rehology is also discussed.  

• Chapter 6 aims on micro/nano scale feature replication. Novel Bulk 

Metallic Glass (BMG) material is used as multi-scale features inserts. 

Multi-scale features (10-2~10-7m) are replicated on various polymers. 

Issues regarding feature replication are also characterized, while the 

performance of BMG as insert material for micro injection moulding is 

also discussed.  
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• Chapter 7 studies the unique morphology and mechanical properties 

micro moulded parts and micro scale features. Various parameters from 

process, cavity thickness, and materials are analysed based on 

morphology development. Crystalline formation is explained from 

nucleation and growth level by comparison with the “short shot 

protocol”; the resulting mechanical properties are related with process 

conditions and morphologies.  

• Chapter 8 sums up general conclusions of the different aspects of this 

study, and suggests future work.  
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Chapter 2  

Literature review 

2.1 Introduction 

Micro injection moulding has been widely used to mass produce polymeric 

devices, including typical products, such as micro needles for drug delivery (28) 

and microfluidic devices (6, 29). The base of a microneedle is usually several 

hundred of micrometers in size, while the tip radius is smaller than 5um. Such 

micro parts and micro/nano scale features are characterised by their very small 

dimensions and high surface to volume ratios. Figure 2.1 compares surface area 

of 1 cm3 volume when it is composed of 1cm, 1mm and 1nm cubes, 

respectively. The corresponding area increases from 6 cm2 to 60,000,000 cm2. 

What does this mean? 

       Let’s consider an example, four aluminium cubes of size ranging between 

20mm and 60mm that were heated in a conventional oven up to ~170oC (30). 

After thermal equilibrium was established, they were cooled down. As shown in 

Fig. 2.2, as measured by an IR camera, the smallest cubes cool down quickest. 

Hot cubes lose their thermal energy via conduction, convention, and radiation. 

Conduction and convection are proportional to 0( )tS T T− , where S is surface 

area and Tt is temperature at time t and T0 is the initial temperature. Energy 

conservation yields the differential equation:  

3 2
0( )t

dTc a k a T T
dt

ρ⋅ ⋅ ⋅ = − ⋅ ⋅ −                               (2.1) 

/ 1 /S V a∝                                             (2.2) 

 where c is the specific heat, ρ is density, a is side length of cube, k is all 

cooling mechanisms constant, V is volume. Because cooling rate dT/dt is 
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proportional to 1/a, it is also proportional to S/V. A high surface to volume ratio 

naturally causes high heat flow, which is the reason why smallest cube cools 

faster.    

       When feature size reduces to the micro/nanometer scale, the surface to 

volume ratio increase by up to 104~109 m-1. Once the molten polymer contacts 

the cold mould, it freezes instantaneously. For example, a 4um feature solidifies 

in 3 micro-seconds (31). The problem is worse for high aspect ratio features. 

Additionally, the hesitation effect exacerbates the freezing problem. When a 

polymer melt is injected into a cavity, it is inclined to flow into area with less-

resistance (32). In a microfluidic device, micro features are designed on the 

surface. Therefore, flow hesitates at the entrance of micro features until much 

thicker substrate is fully filled. The hesitation duration, that is the “filling time” 

of the substrate, is usually longer than the critical cooling time of micro features. 

As a result, polymer melts tend to freeze off at a hesitation point. From a 

process point of view, high injection velocity and high temperature (including 

variotherm mould heating) are required to obtain fast filling. Polymer material 

will be subject to high shear rates and high thermal gradients. Polymer rheology 

is influenced by possible wall slip and shear heating. Small volume parts 

require a precise metering injection moulding machine. Process optimizations 

are challenging because of short filling time and relatively slow machine 

responses. Such extreme processes finally influence micro feature replication, 

product morphology and its final properties. A schematic of extreme process 

and the resulting properties is shown in Fig. 2.4. Knowledge of the evolution of 

part properties, including surface features, under such extreme processing and 

the resulting microstructure, performance relationships are highly desired to 

secure the product quality and process efficiency. Together with micro features 

and microparts, the relationships of machine, process, rheology, 

micro/nanoscale replication, morphology, and properties are reviewed in this 

chapter.       
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Figure 2.1 Comparison of surface areas a 1cm3 volume is composed of with 

1cm, 1mm and 1nm cubes (http://mydogisdeadli.blogspot.ie/2012/11/dry-glue-

nanotechnology-today.html). 

 

Figure 2.2  IR images of four aluminium cubes of 20 mm, 30 mm, 40 mm and 

60 mm length near the beginning (left) and during the cooling process (right) 

(30).  

 

Figure 2.3 Flow hesitation at entrance of micro features (33).  
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Figure 2.4 Process-properties relationships overview for micro injection 

moulding.  

2.2 Micro injection moulding  

When the development of micro injection moulding started in the late eighties, 

no appropriate machine technology was available. Only modified commercial 

units, hydraulically driven and with a clamping force of usually 25–50t, could 

be used to replicate micro features with high aspect ratios by injection moulding 

(34). Using a conventional injection moulding machine to produce microparts is 

challenging. From a processing perspective, decreasing cavity size poses 

challenges for filling a cavity, especially when cavity dimensions decrease to 

the micro and nanometer scale. Firstly, due to the decrease in the size of 

components, the volume of a moulded part decreases to several cubic 

millimetres, which requires a precise metering of a small amount of polymer 

and fast injection. Conventional hydraulic injection moulding machines have an 

injection velocity of 200mm/s. A fully electrical driven injection moulding 

machine can achieve more than 600mm/s injection velocity. A milligram part 



 11 

requires precise metering capability to accumulate polymer melts less than 

several milligrams in one shot. The injection screw/plunger has to be scaled 

down to several millimetres with precise motion of several micrometers. Some 

industrial micro injection moulding trials to produce microparts with 

conventional injection moulding machines highlighted problems, such as  

process consistency, long cycle time and waste of material, residence problem 

(degradation) due to excess material remaining idle in the barrel. Secondly, 

because of the small stroke of the injection screw/plunger, an injection unit for a 

micro injection moulding process must respond extremely fast to reach the 

required injection pressure/velocity. Thirdly, consistency is of paramount 

importance for micro injection mounding. Micro moulded parts require 

extremely demanding tolerances, such as for some optical components, up to 

±3µm. A consistent process must ensure proper and repeatable replication of 

micro/nano features as well as maintaining tolerance. Fourthly, extreme process 

conditions modify the microstructure and properties of polymers. Additionally, 

for replicating micro/nano surface features, the combination of all process 

parameters should make sure that the macro part has no defects, such as short 

shot, thermal degradation, flash, and at the same time, ensure that micro/ nano 

features can be replicated with high quality and high consistency. Moreover, a 

specially designed ejection system is required to demould parts smaller than 

several millimeters in scale, e.g. suction demoulding, air ejection etc. Progress 

of variotherm moulding systems has been made in recent years with various 

heating methods for micro injection moulding applications, such as electrical 

resistive heating, induction heating and infrared radiation (33).    

       Tremendous efforts have been made in the past 20 years and micro 

injection moulding machines based on plunger, reciprocating-screw, and multi-

stage styles, have been invented (1). Various precision injection moulding 

machines have been developed, such as Microsystem50, and the newly 

developed Micropower series 5-15t, Arburg micro injection micro-injection 

module, Desma formica Plast@ one component and two components micro 

injection moulding machines. Table 1 lists some commercial available micro 
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injection moulding machines and their characteristics. Micro injection moulding 

machines can be categorized into three types (35):  

(1) Single step system 

A single step system is a downscaled technology of a standard injection 

moulding machine which combines the plasticizing screw and injection piston 

together.  A single step system reduces the dimensions of the injection unit by 

reducing the size of the barrel and screw to ensure precise metering and to limit 

the degradation, as illustrated in Fig. 2.5. High speed injection and 

plasticization of standard polymer pellets require a sufficient screw channel 

depth and sufficient screw strength. As a result, the diameter of an injection 

screw can not be smaller than 14mm in diameter in order to maintain screw life 

and plasticisation efficiency (36, 37). Smaller diameter injection screws can 

struggle to maintain injection pressure and to feed polymer pellets. The typical 

single step system commercial micro injection machine is Fanuc Roboshot 

s2000i 15B. Compared with other micro injection moulding machines, a single 

step system has a larger melt cushion and cold material slug, a long flow length 

and difficulties in controlling very small shot weights, for example 1mg (1 mg 

shot weight needs ~0.0056 mm stroke on a 14 mm screw). 

     

(a)                                                    (b) 

Figure 2.5 Single step system: a) injection unit b) schematic of injection unit 

(35).   
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Table 2.1 List of micro injection moulding machines commercially available 

and their characteristics (38) 

 

(2) Two-step system 

A two-step system has a separate plasticizing screw and injection piston. One 

uses a plunger and hot cylinder, and the other uses a screw and a barrel. If the 

plunger is only a few millimetre in diameters (3~8 mm), it provides more 

precise control of the amount of material for the same displacement, compared 

with a larger screw of a single step system, as indicated in Fig. 2.6. It still has a 

large melt cushion, cold slug, and long flow length.  

    

(a)                                                    (b) 

Figure 2.6 Two-step system: a) configuration of injection unit, b) Arburg new 

micro injection module (35, 39).  
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 (3) Three step system 

A three step system possesses a split plasticizing screw, a metering piston and 

an injection piston, as shown in Fig. 2.7. One uses a plunger and hot cylinder 

for plasticizing, and the other two use a screw and a barrel for metering and 

injection. Because of the smaller diameter of the piston for metering and 

injection, precise control metering and direct injection can be realized without 

long flow lengths. The benefits of this configuration include a very small melt 

cushion, no cold material slug and a very short flow length. The typical three 

step micro injection moulding machine is Battenfeld’s Microsystem50. 

However, to address cleaning difficulties, Battenfeld’s new generation 

MicroPower 5-15t series modified the design of metering unit (pressure sensor) 

and removed the shutoff valve. It also integrates optimal solutions for 

implementing clean room applications.  

 

(a)                                                    (b) 

Figure 2.7 Three step system: a) Microsystem50, b) Micropower injection 

module.  

       Control of the final properties of a polymer product starts from raw 

materials and processing. Knowledge of the machine dynamic response and its 

effect on the injection moulding process are of great importance for milligram 

parts. Typically, a Battenfeld Microsystem50 has an injection plunger diameter 

of 5mm and this means it can meter very small amounts of polymer melt, ~19.6 

mm3 when the plunger moves forward 1mm, equalling some 0.023g of PMMA, 

which is even smaller than a standard PMMA pellet ~0.028g. A conventional 
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scale-down reciprocating injection moulding machine equipped with a 14mm 

diameter injection screw can only meter as small as 154mm3 for 1mm screw 

movement, i.e. around 0.183g PMMA, which corresponds to ~6 standard 

polymer pellets. As a result, for such a very small part, a moulding machine 

with large injection screw has no chance to inject material and switch over to 

the holding stage, because of its small injection stroke. It is also difficult to 

reach a high set injection velocity. Mould manufacturers usually design the 

sprue and runner system to be 100 times larger than the micro parts so that 

industrially conventional machines can control the metering size. Although it 

can work, it is far from ideal because not only is more resin used, but the 

production cycle is also extended. Process repeatability is also a problem. 

Furthermore, machine parameters do not provide as much direct control as 

conventional injection moulding process. This means that knowledge from 

conventional injection moulding is not transferable to micro injection moulding. 

For example, tuning the process to adjust micro part morphology and enhance 

the filling of micro/nano features is difficult, since the relatively large sprue and 

runner hide the effects of machine parameters on micro part. In contrast to 

conventional injection moulding, the morphology of micro injection moulded 

parts has some unique features: high surface to core ratio, highly oriented, 

irregular morphological features. These features result from high shear rates and 

high thermal gradients. Effectively, control and optimization are based on 

process characterization, which is the key to controlling a product’s final 

properties. Although this has been recognized, relatively little effort has been 

made to create process specific and material specific knowledge. 

        The micro injection moulding process, based on the plunger system has 

received considerable interest. Battenfeld Microsystem50 has been used as a 

scientific instrument to characterize the effect of machine parameter settings on 

the quality of different end products.  Zhao et al. considered micro gears and 

investigated the effect of machine variables (mould temperature, melt 

temperature, injection speed, metering size, and holding time) on gear weight 

and diameter using a design of experiment (DoE) method, as shown in Fig. 2.8 
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(37). A Microsystem50 was used to mould micro gears with diameter of 1mm 

(with and without shaft) and 3mm. Polyoxymethylene (POM) was used as a 

moulding material. Micro gear cavity inserts were machined using micro electro 

discharge machining. Statistical analysis indicated that metering size and 

holding time were the most significant factors that influenced gear diameter and 

part weight. However, there was no information regarding effect of machine 

variables on material thermodynamics during the gear cavity filling process. 

Holding time was actually determined by gate, cavity dimensions and melt 

temperature (40). Shot size indicated how much material was usually pushed 

into the sprue, runner, gate, and cavity, which was usually optimized by short 

shot trials experiments and used as a pre-set parameter.       

 

 (a)                                              (b) 

Figure 2.8 Injection moulding of micro gear: (a) design, (b) corresponding 

injection moulded POM micro gears (37).  

       Whiteside et al. summarized the challenges of micro injection moulding 

process as process technology, precision mould technology, product handling, 

and evaluation. They studied the extreme micro injection moulding process on 

final part morphology and properties by using Battenfeld Microsystem50 (41-

43). Process parameters, such as injection pressure, cavity pressure, injection 

plunger displacement, and velocity, mould temperature, were monitored during 

one process cycle, as shown in Fig. 2.9. The resulting process data was captured 

and saved using a system based on National Instruments’ CA-1000 
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series/DAQcard E-series hardware and LabView software. Some testing parts 

with geometric dimensions were shown in Fig 2.9 (b) were compared: 

• A stepped plaque 7.4 ×3mm containing steps of thickness 1, 0.5, and 

0.25mm. 

• A uniform plaque 25 ×2.5 × 0.25mm.  

• A uniform plaque 25 × 2.5×1.0 mm  

BIP polyacetal copolymer (grade POMC 109) and a BP HDPE (grade Rigidex 

5050) were used as moulding material (15). The measured process data was 

shown in Fig. 2.10. The part surface topography was studied by AFM and 

mould surface machining marks can be clearly identified on the replicated 

surface of the plastic part. The morphology of parts was studied using epoxy 

embedding, potassium permanganate solution etching, optical microscopy, and 

AFM, as displayed in Fig. 2.11. Skin-core morphology was exposed for a 

0.3mm thick part from gate to end, as shown in Fig. 2.12.  Nanoindenation was 

carried out at plane of ND (thickness direction) and FD (flow direction) and 

plane of TD (transverse direction) and FD on a cross-section, as shown in Fig. 

2.12 (b). At the centre of the moulding (far left), spherulitic crystal formations 

can be seen, but gradually became smaller towards the external surface of the 

component until the material at the cavity wall was reached, where there is no 

evidence of crystal structure development. As shown in Fig. 2.13, crystalline 

region at the centre of the product had a greater modulus than the less 

crystalline material near the cavity wall. Moduli values parallel to the flow 

direction showed peaks corresponding to a shear-led orientation in this region. 

Lower moduli values were seen at the centre and edges of the moulding where 

less orientation occurs as a result of the minimal velocity gradients presented 

and the rapid freezing of material at the cavity wall. They also evaluated the 

modulus and hardness distribution from gate to part end. It was concluded that 

fast cooling could restrict formation of hard crystals and ‘tuning’ the level of 

crystallization by varying mould temperature is a potential method to achieve 

the required part properties. In their prior work (42), real-time and non-intrusive 
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process monitoring of part shrinkage, polymer flow inside a cavity and material 

degradation were performed using novel ultrasonic sensors integrated onto the 

barrel and mould insert both on-line and off-line. This method could be an 

alternative technique for process monitoring for a small cavity, which was too 

small for conventional temperature and pressure sensor. While these previous 

studies provides useful information for understanding and controlling micro 

injection moulding processes, the correlation between the extreme process and 

final part properties is still poorly understood.  

 

                 (a)                                                      (b) 

Figure 2.9 Sensor installation with Microsystem50 (a) and (b) testing samples 

(41).  

 

Figure 2.10 Process data measured from single cycle of Battenfeld 

Microsystem50 (15).  
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Figure 2.11 AFM of 0.25 mm plaque surface (15). 

 

(a) 

 

(b) 

Figure 2.12 Morphology of 0.25mm HDPE plaque: (a) morphology of cross-

section view from gate to part end, (b) morphology evolution from skin to core 

(15).  
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Figure 2.13 Nano-indenter moduli values through thickness of stepped plaque 

HDPE mouldings along and against flow direction (c.f. Fig. 2.12(a)) (15). 

      Chu et al. studied the machine dynamics and material response of the micro 

injection moulding process based on Microsystem50 (24). Polyoxymethylene 

(POM) homopolymer (Delrin 900P), High density polyethylene (HDPE Sclair 

2714) and Polycarbonate (PC Calibre 1080) were used. Figure 2.14 shows the 

cavities and configuration of the moulded rectangular parts. The remaining 

sprue was dependent on plunger stroke and consequently influenced by process 

parameters. It changed from 0.1mm to 0.7mm under different process 

conditions, which was much shorter than the sprue of conventional injection 

moulding. Injection pressure and pressure at runner system were monitored by 

Kistler sensors. The plunger displacement was recorded by converting cam 

rotation angle into a displacement signal. The process data of one moulding 

cycle and during filling and packing processes are shown in Fig. 2.15. Based on 

these raw data, the machine and materials responses were characterized by a set 

of characteristic process parameters (CPPs) for the filling and packing stages: 

metering size, average plunger velocity, peak injection pressure and average 

injection pressure in the filling stage; plunger stroke at 0.2 packing, total 

plunger stroke in packing, average injection pressure during 0.2 packing. A 

Design of Experiment (DOE) method was applied to characterize the 

relationship between machine parameters (injection velocity, packing pressure, 

mould temperature, and barrel temperature) and characteristic process 

parameters (CPPs). Statistical analysis indicated that injection velocity was the 
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most significant factor influencing the CPPs for all three materials, while the 

effects of mould and melt temperature depended on the material and the specific 

CPP under consideration. Metering size was mainly determined by material 

temperature, thanks to both shear rate and heat transfer. However, it can be seen 

from Fig. 2.16 (b) that packing pressure and injection plunger stroke were 

significantly influenced by injection velocity. This indicates there would be 

some interaction between filling and holding stages. No effort was made to 

understand the mechanism of this interaction. A detailed study of machine and 

material responses filling such a micro cavity would give important insights on 

process simulation or process and product optimization. Additionally, although 

many two-step micro injection moulding machines have become available on 

the market in recent years, they are much more expensive than conventional 

scale down reciprocating injection moulding machines. Reciprocating injection 

moulding machine are easy to purge and clean and they account for more than 

80% of the current market. Knowledge of using scale down reciprocation micro 

injection moulding machines to produce microparts with large sprues and 

runners is critical for process optimization and simulation for industrial 

applications.    

 

Figure 2.14 (a) Image of the mould insert and a final moulding; (b) 3D view of 

the whole moulding; (c) side view of the whole moulding; and (d) 3D 

dimensions of a moulded part (24). 
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Figure 2.15 Process data of one moulding cycle (POM Case 1); (b) process data 

of cavity filling including five sub-stages (1: first filling, 2: first static, 3: 

second filling, 4: second static and 5: third filling) (24).  

 

(a)                                                        (b) 

Figure 2.16 Standardized effects on the CPPs of filling stage and packing stage 

for POM experiments (24).   

       When polymer melt is injected into a cavity, the incoming melt has to 

replace the resident air. Conventionally, the primary vent is present at the 
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parting plane or a split line of mould surfaces. However, non-uniform filling, 

various surface patterns, hesitation effects, and insufficient gaps between the 

split lines would result in short shot filling. Especially for high aspect ratio 

micro/nano features, any blind cavity increases the likelihood of short shots. 

Recently, Griffiths et al. developed a new setup to study the air flow behaviour 

in a cavity containing 100×100µm micro channels, as shown in Fig 2.17 (44). 

Acrylonitrile butadiene styrene (ABS) was used as a moulding material. 

Experiments were planned by DOE, as indicated in Table 2.2. Maximum air 

flow rate and air flow work were used as characteristic values for air flow 

behaviour; micro channel flow length characterized replication quality. Barrel 

temperature, mould temperature, injection velocity, and resistance to air 

evacuation by an O-ring were process variables. It was found that the maximum 

flow rate was 40.5mL/s and the minimum was 13.8mL/s. The maximum flow 

length of channels varied from 7.66mm and 18.99mm, as shown in Fig. 2.18. 

Apparently the flow length of individual channel features varied, even under the 

same process conditions. They draw the following conclusions: 

• Maximum air flow rate and air flow work were independent of process 

conditions.  

• Flow length of channel features was sensitive to process conditions, 

although individually they were varies from each other.  

• Injection velocity determined low level maximum flow rate and the 

present or absence of an O-ring will significantly influenced channel 

feature filling. An increase of injection velocity contributed to an 

increase of air flow rate, while it also enhanced the resistance of air 

evacuation.  

• A restricted venting though the mould split line could result in an 

unevaluated air that led to a decrease of channel filling.  

       From this study, air evacuation with an optimized mould design or vacuum 

venting would improve the filling performance and diminish defects, such as 

mould and part failures. However, channel filling lengths appeared to be 
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distributed diversely and this could have been due to interaction of material 

filling and air distribution. How they interacted with each other is not clear. 

Comparing of air evacuation with and without an auxiliary venting system 

would be important to identify further details of the effect of entrapped air on 

part filling. Numerical simulation is also useful to conduct a detailed study of 

the interaction between polymer flow and air flow in a micro cavity.  

 

(a) 

 

(b) 

Figure 2.17 Setup of monitoring air flow behaviour: (a) rectangular part with 

100×100µm microchannels, (b) mould configuration and air flow sensor (44).  
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Table 2.2 Taguchi L16 orthogonal experimental matrix (44). 

 

 

Figure 2.18 Variation of the part flow length (44).  



 26 

2.3 Rheology of polymer material in micro injection 

moulding 

Rheology means flow and deformation (45). Understanding polymer melt 

rheology at micro/nano scale is important for quality control, process design 

and simulation of micro/nano features (17). It was evidenced that liquids such 

as water, silicon oil, alcohol and polymer solutions flowing in microchannels 

with characteristic dimensions of tens of micrometers had a viscosity close to 

the channel wall and was 50~80% higher than the bulk viscosity of the fluid (46, 

47). The higher viscosity increase was attributed to collective molecular motion 

effects or to immobility of the layer of molecules in contact with the solid 

surface (48). Generally, techniques, such as rotational, capillary or slit flows, 

are used to obtain accurate measurements at a series of set strain rates and 

temperatures (18). Some work has been done by using slit/capillary dies 

embedded into either a nozzle or mould to test the material rheology with an 

injection moulding machine or an extruder (18, 45, 46, 49, 50). This method can 

provide rheological data under the same thermo-mechanical history that is 

experienced by the testing materials during real process conditions, such as 

plasticization and viscous heating. Efforts have been made in the last ten years 

to understand the polymer rheology at the microscale. Yao and Kim initially 

simulated the filling of a microchannel to include the micro-rheology and power 

law slip model (51). A micro scale viscosity model was introduced by Eringen 

and Okada (46),  

2[1 ( / ) ]b g Dη η ξ= +                                        (2.3) 

where ηb  is the bulk viscosity disregarding the inner structure of the fluid, ξ is 

non-dimensional constant, g is gyration radius of fluid molecules and D is an 

external dimensions. Figure 2.19 compared microscale viscosity and bulk 

viscosity corresponding to different dimensional scale. Viscosity significantly 

increased when the channel dimension was reduced to less than 1µm. However, 
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there is no experimental work available to validate the micro and submicron 

viscosity.  

 

Figure 2.19 Microscale viscosity (MV) predicted by the Eringen-Okada 

equation (51).  

       Additionally, viscous fluids adhere to and attain the velocity of the 

boundary during flow. However, a relative velocity exists at the contact line 

between the fluid and solid boundary during flow: this is the so called “wall slip” 

(52). Slips of polymer melts is explained by flow induced chain 

detachment/desorption and chain disentanglement. According to Hatzikiriakos 

& Dealy’s experiments with sliding plate and capillary rheometers, wall slip 

occurs when the shear stress exceeds a critical stress, which is around 0.1 MPa 

for polyethylene (53, 54). The various experimental methods of determining 

wall slip velocity can be found in an excellent review (55). In micro injection 

moulding, polymer melts are subject to very high shear stresses, which can 

easily exceed the critical shear stress. Since a cavity is reduced to the micro 

scale, the effect of wall slip would be more significant than the conventional 

injection moulding.  

        Rheological behaviour of polymer melts under extreme process conditions 

in micro injection moulding has attracted considerable attention. Kelly et al. 

used an embedded capillary die instead of a nozzle to obtain viscosity at 

extremely high shear rates (18). They found that when the shear rate 
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approached or exceeded 10-61/s, the viscosity reached a rate independent 

plateau, and in some cases shear thickening occurred with further increases of 

shear rate for PS and PMMA, as shown in Fig 2.20. This was explained by 

molecular structure; polymers with larger side groups such as polystyrene 

reaching a Newtonian plateau at lower rates than those of polyethylene.  

 

Figure 2.20 Comparison of shear viscosity of different polymers at high shear 

strain rates (18). 

        Chien et al. developed a series of micro channels in a die that was 

embedded in a mould in order to study the rheological behaviour of polymer 

melts under isothermal conditions using an injection moulding machine (56). 

They found that the viscosity of polymer melts in the micro-channels was 

significantly lower than that measured when using a conventional capillary 

rheometer, as shown in Fig 2.21. They also found that wall slip velocity 

increased with decreasing micro-channel size and that there was a large 

reduction in apparent viscosity when the size of a microchannel decreases, 

which was explained by occurrence of wall slip, since wall slip leads to increase 

of volume flow rate and shear rate.  Similar work by Vasco et al. (57) focused 

on the thermo-rheological behaviour of polymer melts in micro channels, when 

mould temperature was lower than melt temperature, indicated that heat transfer 

analysis of conventional injection moulding was not applicable to a very thin 

micro injection moulding with a very large surface to volume ratio. Although 

these studies give some insight into polymer rheology behaviour at the 
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micrometre scale, they either focused on viscosity measurement under assumed 

isothermal conditions or they did not separate the effects of plasticization, wall 

slip, and non-isothermal conditions when analysing rheological behaviour.  

 

Figure 2.21 Comparison of melt viscosities analysed from capillary and slit 

flow model at a melt temperature 225oC for PS (polystyrene) (56).  

2.4 Micro injection moulding for microfluidic 

applications 

Microfluidic systems are designed to obtain and process measurements from 

small amounts of complex fluids with high efficiency and speed, and without 

the need for an expert operator; this unique set of capabilities is precisely what 

is needed to create portable point-of-care (POC) medical diagnostic systems 

(29). Microfluidic chips can be fabricated from a variety of materials including 

silicon, glass, and plastics. Silicon and glass are best suited to a number of niche 

applications where higher chip complexity is needed (e.g. high density, 

integrated sensing functionalities). Glass based microfluidic devices are used 

principally in pharmaceutical research while silicon based microfluidic devices 

are predominantly used in drug delivery systems. Yolé Developement has 

forecast that the microfluidics market will be valued at $5 Billion by 2016, of 

which polymer based microfluidic devices will exceed $2.5 Billion (58). 

Clinical and point-of-care diagnostics applications account for 75% of the 
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polymer chip markets. Polymers offer a variety of benefits for microfluidic 

devices: low cost, a wide variety of material properties (e.g. mechanical 

strength, optical transparency, biocompatibility, chemical stability, and good 

electric insulation), various manufacture methods, and high replication fidelity. 

However, they do have some drawbacks, including being difficult to use for 

high temperature operations, autofluorescence, limited surface modification 

techniques and difficulties of integrating of external functional elements (14). 

The importance of the injection moulding process for fabricating microfluidic 

devices is not limited to manufacturing single substrates and cover plates; it is 

very important for back-end processes, such as drilling, electrode fabrication, 

and bonding, which can amount for 80% of the total production cost. Bonding 

substrates and cover plates together securely without causing any leaking, 

blocking or altering of the tiny channels and features is a key manufacturing 

issue. Since the injection moulding process can manufacture products with 

complex 3D geometries, substrates and cover plates can be designed with 

integrated holes and positioning and alignment guides that simplify the 

subsequent sealing process: this means that the back-end process time can be 

reduced significantly. The technical requirements for the injection moulded 

substrates and cover plates are higher in terms of dimensional stability and 

optical transparency depending on the particular application. This requires 

controlling molecular orientation and residual stress by tuning the flow and 

solidification process in order to achieve lower shrinkage and warpage and 

higher transparency.  

2.4.1 Tooling 

Microfluidic devices are composed of a large substrate, which is the size of a 

typical credit card (85.60×53.98mm) or a microscope slide (75×25mm), and 

contains large fluid inlet and outlet chambers of millimetre scale, as well as 

microchannels of tens to hundreds of micrometers in which various fluids are 

transported and manipulated. Specific features (e.g. micro pillar arrays, 

submicron features) are integrated into the channels for the purposes of cell 

separation or for modifying surface properties, etc. The general tolerance is an 
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order of magnitude smaller than the dimensions of the various features, ranging 

from micron to submicron levels. For mass production of a commercial 

microfluidic chip, tooling technologies combining multi-scale features are 

required at reasonable cost, because the quality and performance of a replicated 

microchip are mainly dependent on the quality of the corresponding 

microstructured mould. Hybrid tooling, having multi-scale features, can be 

realized by several manufacturing processes. Table 2.3 compares a variety of 

techniques for manufacturing micro moulds or inserts.  

Table 2.3 Comparison of micro moulds and inserts manufacturing techniques.  

       For mass production, especially injection moulding, stainless steel can 

resist wear or other forms of surface or structural degradation over several 

thousands of moulding cycles and is a good tool candidate from the perspective 

of wear and tool lifetime. Direct machining using micro manufacturing methods, 

Technology 
Minimum 

feature 
size(µm) 

Surface 
roughness(µm) Aspect ratio Material 

Micro milling 25-100 0.2~5 10 Brass ,COC, 
Steel 

Micro electro 
discharge 
machining 

10-25 0.05~1 50-100 Conductive 
material 

Micro laser 
machining 1-5 0.4~1 <50 Any 

Micro electro 
chemical 

machining 
10 0.02 NA Conductive 

material 

X-ray 
lithography 0.5 0.02 100 Photoresist 

Ultraviolet 
lithography 0.7~1.5 NA 22 Photoresist 

Deep reactive 
ion etching 2 NA 10-20 Silicon 

Focused ion 
beam 

lithography 
0.1 NA 3 Any 

Electroforming 0.3 0.1 <10 Conductive 
material 



 32 

such as Micro milling, Micro electro discharge machining, takes a very long 

time to machine macro features. Combining conventional machining with 

micromachining could reduce the total machining time, but it would generate 

more roughness and burrs. Additionally, moving a work piece from one 

machining process to another could lead to loss of precision. Figure 2.22 (a) 

shows a hybrid mould insert that has large reservoirs and channels of which the 

smallest measure 40×40µm.The outer geometry and large reservoir are 

manufactured by precision machining. The small channels were generated by 

lithography and electroplating (59). The corresponding replicated feature on 

plastic is shown in Fig. 2.22 (b). Some innovation process chains were used to 

combine micromachining with electroforming, as shown in Fig. 2.23. Silicon 

was firstly micro EDM machined as a designed shape. By coating Ti/Cu, the 

nickel and copper were deposited onto the silicon surface. After dissolving the 

silicon, the reverse pattern of a nickel insert with a copper substrate was formed. 

This process chain overcame the problems of positioning errors, but it did not 

allow features smaller than 10 micron to be machined, although it did have a 

high quality surface finish. It is also a challenge to machine electrodes as small 

as 10um. Semiconductor based processes are commonly used in laboratory 

environments to prototype microfluidic devices. The schematic for 

semiconductor fabrication routines for a mould insert is shown in Fig. 2.24. The 

process starts with a lithography step using a mask that transfers the desired 

pattern into a photoresist. After developing the resist, the underlying conductive 

layer is exposed, which serves as plating base for another metal that fills the 

voids left by the resist that was previously removed by exposure to the 

patterning radiation. The deposited metal forms the desired microstructures. 

The unexposed resist is then removed, forming the finished mould master (22). 

Nickel and its alloys are common materials for mould inserts. However, access 

to semiconductor facilities is expensive and time consuming. Manufacturing of 

mould inserts for a microfluidic device should be done with consideration for 

the functional requirements of the device and the cost. 
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(a)                                                    (b) 

Figure 2.22 Details of microchannel network of electroplated nickel mould 

insert (a) and injection moulded part for agglutination assays (b) (59). 

 

(a)                                                  (b) 

  

(c)                                                   (d) 

Figure 2.23 Indirect tooling process for cell separation: (a) process chain, (b) 

Nickel insert, (c) protruded features on Nickel insert, (d) channels on injection 

moulded part (60).  
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Figure 2.24 Processing steps required for preparing Nickel mould insert and the 

moulded parts (22). 

      Although stainless steel is the predominant mould material, it cannot be 

patterned down to the submicron scale, due to the intrinsic grain size of the 

material. Grain voids, grain boundaries, and crystallographic disorientation 

could interfere with surface patterns, leading to cracks and plastic deformation. 

Additionally, current micro machining technology is capable of accurately 

manufacturing patterns only as small as ~20µm and also leaves machining 

marks and burrs, resulting in a poor surface finish. Combining two or more 

direct processes can cause alignment problems when changing from one process 

to the other: this leads to loss of accuracy. Electroformed nickel features based 

on metallic substrates are of particular interest because they offer dimensional 

precision with a high level surface finish. However, it is difficult to fabricate 

high aspect ratio features and the process is time consuming (61). 

      Metallic glasses, also called amorphous metals, are alloys without any 

intrinsic crystalline microstructure and they can be patterned with features that 

are smaller than micron size. They also have high compressive strength and 
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high hardness and wear resistance (62).  Figure 2.25 shows the Focused Ion 

Beam (FIB) milled features on both tool steel and bulk metallic glass. Crystals 

of tool steel prevented the patterning of features smaller than 10um (Fig. 2.25 

(a)) whereas bulk metallic glass was easily patterned into the nanometer scale 

(Fig. 2.25 (b)). Additionally, when metallic glass is heated into its supercooling 

region, above the glass transition temperature, it can be isothermally formed to 

produce multiscale patterns. As shown in Fig. 2.26, a negative channel can be 

patterned onto a silicon master (Fig. 2.26 (a)); this can then be transferred to 

metallic glass by hot embossing (Fig. 2.26 (b)); metallic glass can then be used 

as a tool to hot emboss PMMA (Fig. 2.26 (c)).   

  

(a)                                                             (b) 

Figure 2.25 Comparison of Focused Ion Beam (FIB) milled patterns on 

conventional tool steel (a) and bulk metallic glass (b) (62). 

 

(a)                                 (b)                               (c) 

Figure 2.26 SEM images of (a) silicon master, (b) reversed metallic features, (c) 

PMMA embossed patterns from metallic glass (61).  
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2.4.2 Replication of high aspect ratio and submicron scale features 

Separation and mixing of fluids are common operations in chemical and 

biological assays. When scaled down to microfluidics, these operations are 

usually achieved by micro pillar arrays. Figure 2.27 shows an 

electrochromatography pattern, formed by imprinting a COC substrate using a 

silicon master. The aspect ratio of the individual pattern and spacing are 1.5 and 

2.5 (63). Changing the surface energy by patterning the surface with high aspect 

ratio features has also been widely used to functionalize a polymer surface for 

cell or bacteria culture. However, high aspect ratio features are inclined to 

solidify before the cavity is fully filled. This is similar to the frozen layer 

problem in thin wall injection moulding. Because of limits in machine 

capability and material processability, the injection speed and pressure that are 

required over such a short cooling time are difficult to achieve in practice. The 

freezing problem is exacerbated by hesitation effects, as shown in Fig. 2.3 (32). 

When polymer melt is injected into a cavity with various thickness features, it 

tends to fill thicker and less resistant areas first. Free standing pillar arrays are 

typical features on a thick substrate. Consequently, flow hesitates at the 

entrance of micro features until a much thicker substrate is fully filled. The 

resulting hesitation time is longer than the critical cooling time of micro 

features and the polymer tends to solidify at the stagnated point. A variotherm 

system can significantly reduce polymer viscosity and makes filling of such 

features easier. Aspect ratios of up to 10 with 40um thick features have been 

achieved by the micro injection moulding process with use of a variotherm 

mould heating system. Recent developments of new concepts for rapid heating 

and cooling of injection moulds can be also found in a  excellent review (33).  

        Demoulding can easily damage high aspect ratio features either in micro 

injection moulding or hot embossing, especially for features without a draft 

angle made by lithography processes. Figure 2.28 shows typical demoulding 

defects of micro features. The surface adhesion generated at the polymer-mould 

interface damages the top surface, and friction of the side walls causes the 

mould to plough the side surfaces of a feature (Fig. 2.28(a)). Mechanical 
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stresses caused by thermal contraction or shrinkage tend to damage features 

because of shrinkage mismatch between the mould and part (Fig. 2.28(b)). 

Thermal stresses may be more severe for injection moulding than for hot 

embossing. Thus, demoulding temperature is probably a key factor and is 

associated with polymer processing and material characteristics. Experimental 

trials can provide an efficient way to determine a suitable demoulding process 

window in order to avoid feature distortion and substrate warpage. Demoulding 

issues and troubleshooting solutions can be found in a recent review article (64).  

 

(a)                                                          (b) 

Figure 2.27 Electrochromatography microchip: (a) Inlet and the separation 

column on silicon imprint master (5.1um in height), (b) imprinted features on 

COC substrate (63).  

 

(a)                                                       (b) 

Figure 2.28 Typical defects in a replicated polymer microstructure during an 

imperfect demoulding process in hot embossing process: (a) effect of surface 

adhesion; (b) effect of thermal contraction/shrinkage (65).  
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2.5 Crystallization and morphology development   

Morphology is the study of form and structure. Polymer morphology is the 

study of order within macromolecular solids. Thermomechanical history 

experienced by polymer materials in their processing imparts to it a 

microstructure (crystallinity, morphology, orientation, residual stress, etc.), as 

shown in Fig. 2.29 (66). It is evident that the three transport phenomena (flow, 

heat transfer and crystallization kinetics) are involved in structure formation 

during processing (67). Flow causes a macroscopic heat and momentum 

transport. Meanwhile, it also influences the crystallization kinetics by 

controlling stress, strain, and strain rates. This microstructure will ultimately 

determine the product properties (mechanical, optical, barrier etc.). As a result, 

characterization of multiscale microstructure and prediction of microstructure at 

micro, nano and/or the molecular scales are important aspects of polymer 

processing research. As discussed in Section 2.1, micro injection moulding 

refers to miniaturized parts or to micro/nano scale features. In this process, 

material will experience very high shear rate, injection pressure, and thermal 

gradients. These extreme process conditions will create a special morphology. 

This section will review prior work on characterizing of morphology evolution 

for both micro parts and micro features and final properties.  

 

Figure 2.29 Components of polymer processing system (66). 
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2.5.1 Crystallization and crystal structures 

Crystallization is a phenomenon that takes place when a polymer, having the 

ability to be ordered (chemical and structural regularity), is cooled below the 

equilibrium melting point (68). Crystallization under quiescent conditions is a 

phase transformation process, which is caused by lowering temperature or by 

changing pressure from a dilute polymer solution or from a molten polymer. 

Under flow conditions, polymer chains are extended by shear or extensional 

strain, which could increase opportunities of crystal formation by providing 

more nucleation precursors (67, 69, 70).  

       Depending on the polymer molecule conformation, there are two dominant 

morphologies in semicrystalline polymers: spherulites and fibril-like shish-

kebabs (67, 70-72). Random coiled polymer chains will form thin platelets 

whose large upper and lower surface consist of an array of molecular folds, 

which are called “chain-folded lamellae” (73, 74). Figure 2.30 shows the 

general structure and hierarchical arrangement of a spherulite crystal in semi-

crystalline materials. The spherulite is composed of stacks of ribbon-like 

crystals, which grow outward radially from a single (heterogeneous) nucleus, 

from a group of lamella similar to that in a hedrite or  from a quadrite (a 

crosshatched lamellar array) (74). Ribbon crystals have thickness in order of 

10nm, in which polymer chains are arranged approximately parallel to the thin 

dimensions of the ribbon. The inter ribbon region is composed of amorphous tie 

chains, dangling chain ends, totally unincorporated chains and loose loops. 

Single lamella crystals consist of a crystal lattice, which is composed by an 

arrangement of individual atom. Generally, bonding along the chain is covalent, 

while bonding perpendicular to the chain is van der Walls force or hydrogen 

bonds, which are much weaker. The size of spherulites ranges from 50~500µm, 

which is the largest domain with specific order. This size is much larger than 

the wavelength of visible light, making semi-crystalline materials translucent 

and opaque (75).  
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       The shish-kebabs structure was firstly found in the 1960s from dilute 

polymer solutions in stirred polyethylene solutions (45). As shown in Fig 2.31 

(a), these new types of polymer crystals consisted of two components: a central 

core fibril (shish) and lamellae (kebabs) strung along the core(49).  

 

Figure 2.30 Schematic representation of the general molecular structure and 

arrangement of typical semicrystalline materials (75).  

      Shish were found more stable than spherulites, with a melting temperature 

15~20oC higher (45). Therefore, it was considered that shish was formed by 

crystallization of fully stretched/extended chains. The kebabs were believed to 

be folded chain lamellar structures (50). Kebabs were normally grown from 

shish and the chain alignment in the kebabs was believed to be parallel to the 

shish. The degree of stress during crystallization influenced the nature of folded 
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chain lamellae which grow from the fibril nuclei and comprised the bulk of the 

crystallized specimen (46). As indicated in Fig. 2.31 (b), high stress promoted 

growth of lamellae of planar conformation, while low stress resulted in a 

twisted nature (76).     

 

                          (a)                                               (b) 

Figure 2.31 Schematic model of microstructure of shish-kebab structure in 

polyethylene (a). Note the example of lamellar or kebab twisting in low stress 

conditions (b) (46, 49, 50).  

2.5.2 Crystallization kinetics under quiescent conditions 

It is well known that the crystallization process is composed of three stages: 

nucleation, growth and perfection (69). The theory of polymer nucleation was 

initially developed in 1960s by Hoffman and Lauritzen (47, 48). R. Iervolino 

(68) gave a brief description of Hoffman Lauritzen theory for explaining 

crystallization of flexible polymers. During the crystallization process, the 

relaxation of a metastable undercooled melt transfers towards to the equilibrium 

state. This needs to overcome a free-energy barrier, which depends on the 

degree of undercooling. Interfaces have to be introduced into the metastable 

melts in order to create a new phase. If the resulting cluster, originated by the 

reactions of association and dissociation of chain segments, has a size smaller 

than a critical one, it is unstable, i.e., its probability of decrease is higher than its 
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probability of growth. On the other hand, if a critical size is exceeded, the 

nucleus is more likely to grow than to decrease. This kind of nucleus, called 

active, can continuously grow toward a stable crystalline phase. If nucleation is 

initiated from a single phase, it is called homogeneous nucleation. 

Homogeneous nucleation generates primary nuclei without the help of any 

substrate or external nucleating particles, such as nucleation agents. If the 

process is initiated from multiple phases, heterogeneous nucleation occurs. In 

this case the nuclei are formed on the surface of foreign bodies or crystals of the 

same material already present in the undercooled liquid. In practice, 

homogeneous nucleation is an unusual and unlikely event. Heterogeneous 

nucleation takes place in most cases. Obviously, a nucleation process under 

quiescent conditions is highly influenced by temperature, pressure and the 

present of nucleation agents.  

        However, the Hoffman Lauritzen theory is unable to explain self-

nucleation effect, which was discovered by Bulndell, Keller and Kovacs (52).  

H. Janeschitz-Kriegl et al. (77, 78) studied the relaxation of thread-like 

precursors and found that nuclei were quite stable for a relatively long time 

depending on temperature, when the temperature exceeded the melting 

temperature of spherulites. This provides a way of explaining of self-nucleation.   

       The Avrami equation provides an easy way for obtaining the bulk 

crystallization kinetics information (79, 80): 

( ) 1 exp( )nx t kt= − −                                                  (2.4) 

where x(t) is the relative crystallinity at time t with t=0 corresponding to the end 

of the induction period. The Avrami exponent, n, ranges from 1 to 4 and 

depends on the type of nucleation, growth geometry (rod, disk, sphere), and 

growth control mechanism. For example, the Avrami exponent for spherulitic 

growth from sporadic nuclei is around 4, disc-like growth 3, and rod-like 

growth 2 (75). If the growth is activated from instantaneous nuclei, the Avrami 

exponent is lowered by 1.0 for all cases. The crystallization rate, k, depends on 

the product of the rates of two processes: nucleation and crystal growth. 
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2.5.2 Flow induced crystallization 

Crystallization of polymer melts under flow conditions has been extensively 

studied, since flow and pressurization are involved in almost all polymer 

processing methods. Semicrsystalline polymers represent of two-thirds of all 

synthetic polymers. The morphology and properties of their products depend on 

the manner that polymer crystallizes from a flowing melt (49, 67). Figure 2.32 

summarises the effect of flow on crystallization. Specific mechanical work is 

the amount of shear that has been applied to a polymer melt, which will be 

discussed later in this section. It can be seen that the number of nuclei could be 

enhanced by many order of magnitude, if shear or extensional flows were 

applied for short time spans to polymer melts (81). Shear has an effect 

equivalent to temperature for the nucleation process.   

 

Figure 2.32 A three-dimensional plot of the (logarithm) of the number density 

of nuclei (m-3) against temperatures after fast quenching (left horizontal axis) 

and against applied specific mechanical works (MPa; right horizontal axis) for 

an industrial grade of PP (81). 

       In the last five decades, much efforts have been made to understand flow 

induced crystallization experimentally (70). Janeschitz-Kriegl et al. (67, 82, 83)  

introduced a novel “short-term shear” protocol with designed instruments to 
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separate out the effect of shear on primary nucleation from crystal growth and 

the principle was then used by many groups to study shear induced 

crystallization(67, 70, 84-86). In the “short-term shear” protocol, shear was 

introduced by piston with weight on the lever (83), a pneumatic actuator (87) or 

a high torque stepper motor (86) etc.,  all of which were able to control shear 

action and shear time. As shown in Fig 2.33, polymer melts were firstly filled 

into the cavity over its equivalent melting temperature to erase their thermo-

mechanical history and then were cooled to the target crystalline temperature 

after molecule relaxation. Shear was then applied for a period of time 

afterwards, following quiescent crystallization. This process had a similarity to 

the injection moulding process, but in which thermomechanical history is not 

erased and hold pressure has also been applied to compensate material 

shrinkage.  

 

Figure 2.33 Schematic presentation of the arrangement for the short term 

shearing experiment (83).  

       The morphology of a part made by such protocols showed several distinct 

layers of “skin-core “morphology of a typical extruded part and injection 

moulded part, as shown in Fig 2.34. The skin layer was composed of oriented 

structures, followed by an oriented “fine-grained” layer and an isotropic 

spherulite core. Such morphology was tightly related to the deformation history 

experienced by the polymer molecules under a combination of shear rate and 

shear time. Firstly, the polymer melt was assumed to have a large reservoir of 



 45 

dormant nuclei (67). These nuclei can be activated by quenching and specific 

work (defined as energy density from external shear), indicated by significant 

increase of number of nuclei, as shown in Fig. 2.32 (81). Initially, nuclei could 

be point-like, depending on local stress, although this point is still controversial. 

Thread-like nuclei (pre-stages of so-called “shishs”) can be grown if the melt is 

sheared heavily. However, thread-like nuclei are not stable and tend to relax, 

depending on temperature and molecular chain length. The density of nuclei 

under flow conditions will finally determine the crystal structure. Point-like 

nuclei under quiescent condition are inclined to form spherulites and thread-like 

nuclei can either form highly oriented structures and spherulite structures, if 

there is enough space.  

 

Figure 2.34 Cross-section though a solidified sample of an industrial PP under 

the short-term shear protocol: crystalline temperature 150oC, wall shear rate 

115s-1, and shear time 4.28s (82).  

        Recent research into shear induced crystallization confirmed the boundary 

flow conditions for the onset of oriented morphology (71, 86). An oriented 

structure can be formed once polymer melts crossed a threshold value, like 

shear stress, shear rate, strain, specific work and their combinations (71, 81, 83, 

84, 86, 88, 89). However, it is still unknown how best to define such thresholds 

or how they depend on the molecular attributes of a polymer (72). The 

mechanism of shish formation is still controversial. Kornfeld’s group put 

forwards the phenomenological explanation of formation of oriented structure 

based on shear stress (72, 89), as shown in Fig 2.35.  For a given material, there 
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is evidence of a threshold stress σpt above which shear flow can induce the 

formation of “point-like nuclei” and below which shearing has negligible effect. 

Another critical shear stress σskin> σpt is associated with formation of “thread-

like nuclei”. Thread like precursors will provide a surface for growing of 

radially oriented lamellae, so called “kababs”. When the separation between 

adjacent shish is so small that they impinge prior to significant 

noncrystallographic branching, a highly oriented morphology results, known as 

the “highly oriented skin”. Except for the critical shear stress, specific work was 

used as a threshold for formation of oriented structures by many researchers (71, 

85, 86). Mykhaylyk et al. (86) gave a possible physical explanation of specific 

work: upon straining for a time dt, the melt experiences a stress  σ =η γ for a 

strain  dγ = γ dt ; the minimum total work w dσ γ= ∫ , in which the stress 

extends the molecules and leads to a higher probability of stretched chain 

segments, while shear rate is a measure of frequency of effective encounters of 

these stretched chains, which could find one another to nucleate an oriented 

object, such as shish; sufficient advection of stretched sub-chains must occur to 

successfully incorporate enough sub-chains into the shish, which implies a 

minimum number of strain units. In addition, long chains were proven to be 

playing an important role. It was reported that long chains accelerated the 

formation of shish. Two time scales, long chain rouse time tR and short chain 

disengagement time tD, are important to largely determine whether or not the 

long chain will undergo chain stretching (72, 85). Flow can oriented polymer 

chains at shear rate 
   
γ >1/ t

D
and the stretching of polymer chains at highest 

shear rates
   
γ >1/ t

D
>1/ t

R
. While the first condition could be necessary to 

form oriented structure, the second conditions ensures strong stretching of 

polymer chains that is ideal for crystallization (86). An important saturation of 

“point-like nuclei” has been detected by light scattering (89) and rheological 

measurement (85), by indicating that the number of nuclei was independent of 

shear time. It probably led to the change of growth of an oriented structure from 

highly sensitive to flow to a mechanism of independent of flow. However, it has 
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not yet been possible so far to develop a method for determine the influence of 

flow on the growth speed of the crystalline domain (67).   

      Spherulites and shish-kebabs and their relative proportions in a polymer’s 

morphology are one of the main factors that responsible for the mechanical 

properties of commercial products. Injection moulding is actually a short shear 

process. Shear pulse in the injection moulding process is controlled by injection 

velocity. Comparing the short-shear protocol and the injection moulding 

process could serve to reveal how different morphological layers are formed in 

injection moulded products. This method will be used to reveal morphology 

development of polymer material under the micro injection moulding process in 

Chapter 7.  

 

Figure 2.35 Schematic of (a) the sequence of events during shear and (b) their 

consequences for morphology development after the cessation of shear under 

isothermal conditions (89). 

2.5.3 Morphology development and product properties in micro injection 

moulding 

The skin-core morphology of micro injection moulded parts has been reported 

by several authors in the past 15 years (90-95). The following section reviews 

the progress of morphology studies of micro injection moulding and identifies 
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the morphology differences between micro injection moulding and conventional 

injection moulding.  

       The earliest study known to this author into morphology of micro injection 

moulded part was started at the University of Bradford (15, 43), as discussed in 

Section 2.2. They initiated process measurements, process repeatability studies, 

and morphology and properties studies for polymeric micro injection moulded 

products. Ito et al. (96) studied the morphology of PP considering the effect of 

mould temperature and mould thickness, using WAXD, DSC, Polarized light 

microscopy (PLM) and birefringence measurement. The skin-core structure was 

detected by PLM, although no spherulite structure at the core region was 

observed with thin cavity at low mould temperature. The molecular orientation 

increased with decrease of cavity thickness. They also explored combination of 

thin wall micro parts with microfeatures (97). Micro squared parts (9×9mm) 

with 400×100µm grids and line features sized from 50 to 200µm were moulded 

using PC and PMMA. The microfeatures were fabricated by a stainless 

ferrochrome alloy using diamond turning and micro milling. Nanoscale lines 

were fabricated by electroplating a Si master with features patterned by electron 

beam lithography, as shown in Fig 2.36. Depending on the replication of nano 

features, interference colours were different for PMMA and PC, even though 

the same master mould was used, which was confirmed by AFM measurement, 

as shown in Fig. 2.36 (b). Additionally, the replication ratio varied from the 

gate to the flow end, which was attributed to cavity pressure distribution. For 

the micro part, the skin-core morphology was found for microparts and also for 

the micro features moulded by COC, as shown in Fig. 2.37. A three-layered 

structure was found: a low birefringence skin layer, a highly orientated shear 

layer, and a less orientated core. For their observation, the thicknesses of these 

morphological layers were affected by moulding conditions and the surface 

patterns were influenced by the skin layer. However, the relationship between 

feature replication and its morphology distribution is still not clearly understood. 

Recently, they (98) used 3D numerical simulation to explore the mechanism on 

surface pattern replication. They found air entrapment in the filling stage had a 
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strong relationship to replication shape and replication rate, as shown in Fig 

2.38.   

   

(a)                                                        (b) 

Figure 2.36 Micro injection moulded parts (0.3mm) (a) with nano-grove 

features (b) (97).  

 

Figure 2.37 Polarized photograph of cross-section of COC parts with micro-

feature surfaces (97). 
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(a)                                          (b) 

Figure 2.38 Comparison of air traps calculated by numerical simulation (a) and 

by AFM measurement (b) (98).   

     For mechanical properties, Haberstroh et al. (99) invented a micro tensile 

tester to characterize the effect of dimensions on the mechanical properties of a 

micro tensile specimen and found that no uniform correlation between the 

miniaturization of the tensile bar geometry and the changes of the mechanical 

properties. They believed that differences in stiffness and strength resulted from 

the internal properties like outer layer thickness, structure fineness, and degree 

of crystallinity, orientation, and internal stress for each case. They proposed that 

microparts should not be dimensioned using mechanical properties determined 

at macro geometries. However, this has not yet been definitely confirmed.   

        Chu et al. (93, 100, 101) used statistical methods to evaluate the effect of 

process condition on morphology of micro injection moulded parts for both 

HDPE and POM. A five layer skin core structure was identified and it was 

similar to the morphology developed under conventional injection moulding, as 

shown in Fig 2.39 for POM. Statistical analysis implied that injection speed was 

the most significant factor influencing morphological features, while mould 

temperature had a similar but less pronounced effect. The skin layer thickness 

decreased along the flow direction, while the distribution of spherulite size 

depended on process condition. In their earlier work, they also found a unique 
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V-shape pattern in the gate region of micro injection moulded parts of POM, as 

shown in Fig 2.40, and it was attributed to the re-melting the skin layer because 

of the flow of interior part (92). The modulus and yield stress were obtained by 

tensile tests, which varied significantly with process conditions, as shown in Fig 

2.40. Generally, they argued that the modulus of a micro specimen was 

significantly less than a macro sample, while the yield stress was within the 

range of values reported for macro parts. From a processing perspective, 

injection velocity was found to be the major factor affecting modulus for HDPE 

and POM, while the mould temperature was the most significant factor 

influencing their crystallinity. They suggested that all morphological features, 

crystallinity, morphological layer thicknesses and orientation, affected 

mechanical properties.  

 

Figure 2.39 The five morphologic zones in a micro injection moulded POM 

part viewed in transversal cross section (93). 



 52 

 

Figure 2.40 The V-shape morphological pattern at gate region of micro tensile 

specimen (92).  

  

(a)                                                   (b) 

Figure 2.41 The stress-strain curve of micro tensile specimen (a) and variation 

of modulus and yield stress with process conditions (101).   

       Giboz et al. (94, 102) compared the morphology of a micro part (thickness: 

150µm) and a macro part (thickness: 1.5mm), which was made with HDPE by 

micro injection moulding process, as shown in Fig 2.42. The macro part 

presented a skin-core morphology, having four distinct morphology layers: skin, 

shear, fine-grained and core layers; no significant molecular oriented was found 

for all the morphological layers, as indicated in Fig. 2.43 (a). The micro part 

exhibited core-free morphology and only its central region had an oriented 

structure, as indicated by WAXD in Fig 2.43 (b), where lamellae was oriented 

perpendicular to the flow direction. They also indicated that lamellae of micro 
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part were thinner than macro part. Herman’s orientation factor, FH , was used to 

define the molecular orientation of crystals, as indicated in Fig 2.44 (a). The 

micro part was much more oriented than the macro part along the thickness 

direction. The maximum orientation factor of the micro part was located at the 

transition layer, which indicated that additional flow strength occurred in this 

region. The minimum orientation was found at the centre of macro part, which 

has spherulitic morphology, while for the micro part, the value FH= 0.4 

indicated that orientation still existed in the central layer. Crystallinity of the 

macro part gradually increased from 60 to 67% from the edge to the centre and 

then stayed constant until the core region. The crystallinity of micro part 

increased from 57% at the edge to 64% at the central region. It was concluded 

that the spherulite core layer had a higher crystallinity and lower orientation 

than the skin layer. Both crystallinity and orientation increased from the fast-

solidified layer at the edge to the shear layer.   

  

(a) (b) 

Figure 2.42 Geometry of macro part (1.5mm thick) (a) and micro part (150µm 

thick)(b) (94).  
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(a)                                             (b) 

Figure 2.43 Morphology examined by PLM, TEM and WAXD for macro part 

(a) and micro part (b).  

 

(a)                                                     (b) 

Figure 2.44 Distribution of molecular orientation (a) and crystallinity (b) of 

macro part and micro part.  

      Jungmeier et al. (103) designed a series of tensile specimens with various 

surface to volume (s/v) ratios to characterize the effect of cooling rate on 

morphology and mechanical properties. Non-nucleated PA66 (Ultramid A3K) 

and non-nucleated Polyoxymethylene (POM Hostaform C9021) were used as 

moulding materials. Micro tensile specimens were scaled from a standard 
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tensile bar with a scale factor of 1:2, 1:4, 1:8, to 1:16. As shown in Fig. 2.42 (a), 

the crystalline structures of PA66 in the core became finer with an increase of 

the surface to volume ratio (s/v), which was caused by increase of thermal 

nucleation due to increase of cooling rate. The crystallinity of PA66 reduced as 

part dimensions decreased from 1:2 to 1:8, which was explained by different 

cooling speeds. A faster cooling was accompanied by a nucleating effect, but 

crystalline growth was restrained, resulting in a lower degree of crystallinity. 

For POM, the skin ratio significantly increased with the increase of s/v ratio, 

but crystallinity remained consistent, which was explained as by POM having a 

higher rate and ability to crystallise. As shown in Fig. 2.46, the young’s 

modulus and yield strength of PA66 decreased with the decreasing s/v ratio, 

which was attributed to the lower crystallinity. The yield strength of POM was 

constant for the 1:2, 1:4 and 1:8 tensile bars and significantly increased for the 

1:16 part; this may have been due to the higher orientation and crystallinity in 

the core, which was independent of the part size. However, a direct correlation 

between crystallinity and mechanical properties, as well as cooling time and 

mechanical properties, could not be definitely concluded.  

      Liu and Guo et al. (91, 104) also compared the morphology of micro part 

(200µm thick) and macro parts (2mm thick) made by micro injection moulding 

using HDPE and PP. Common “skin-core” structure was found for both. The 

micro part presented a relatively large fraction shear layer, which was attributed 

to the combination of higher shear rates and faster cooling speeds. The shear 

layer contained highly oriented shish-kebab structures and the core layer was 

composed of spherulite crystals for both HDPE and PP. Their 2D-WAXD 

characterization indicated that a twisted shish-kebab structure was formed for 

the macro part for HDPE in the shear layer, while an untwisted shish-kebab 

structure occupied the shear zone of the micro part, as shown in Fig 2.47. The 

formation of such morphology was attributed to the degree of lamella stretch, 

which was affected by numbers of shish and configuration of kebabs. They also 

claimed that the volume reduction of the micro part compared to the macro part 

induced high shear rates and high cooling rates, which may promote the 
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formation of this special untwisted oriented morphology. The degree of 

crystallinity for micro parts was higher than that of the macro parts, as 

measured by DSC and WAXD, as shown in Table 2.4. It was explained that 

micro parts had a high degree of nucleation density, which was due to the high 

surface to volume ratio and flow induced crystallization. 

 

(a)                                                     (b) 

Figure 2.45 Morphology of PA66 (a) and POM (b) with increase of s/v (103).   

 

(a)                                                     (b) 

Figure 2.46. Mechanical properties of PA66 (a) and POM (b) in dependence on 

s/v ratio (103).  
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Table 2.4 Crystallinity of HDPE and PP micro part (200µm thick) and macro 

part (2mm thick) 

 HDPE PP 

DSC WAXD DSC WAXD 

Macro part Skin layer 55.75% 62.31% 49.29% 69% 

Core layer 63.48% 65% 

Micro part  63.73%   76% 

 

(a) 

 

(b) 

Figure 2.47 2D-WAXD patters for a macro part (a) and micro part (b).  

2.6 Remarks on micro injection moulding 

Although micro injection moulding originates from conventional injection 

moulding, it indeed has its own features. In the past 20 years, expanded 

application polymeric micro components and surface features inspired research 

on micro injection moulding from various perspectives: machine and mould, 
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process measurements and optimization, numerical simulation, rheology, 

morphology and properties studies. Some preliminary studies have yielded 

some basic knowledge. From the perspective of morphology studies, although 

skin-core morphology dominates the structure development for both micro and 

conventional injection moulding, some unique features, such as spherulite free 

core, large volume ratio of skin to core, highly oriented shear layer, re-melting 

behaviour, and vanishing of transition layers etc., distinguish micro injection 

moulding from conventional injection moulding. Morphological study of such 

small parts encounters difficulties of sample preparation, operation, and the use 

of specialized equipment. From a perspective of properties, small parts are 

sensitive to their surroundings. Their unique morphological features cause a 

series change in properties. Typically, mechanical properties depend on 

combined morphological features, such as morphological layer distribution, 

orientation, crystals, internal stress etc. It is difficult to simply relate process 

conditions to final properties, as reported for conventional injection moulding 

(99). For example, the properties of micro parts can even be opposite for 

different materials (103). How can we effectively evaluate the properties for 

microparts and micro/nano scale features? To date, no sufficient simulation 

work has been carried out for micro/nano injection moulding. Traditional 

simulation software uses non-slip flow boundary conditions and material 

rheological properties are measured up to millimetre scale. When the feature 

size approaches the micro/nano level, even molecule level, they will lose 

precision and not physically valid. 

      Currently, micro injection moulding is successfully used as a production 

technology for applications for either micro components or microfluidics. For 

application purpose, mould design is important for replication high quality 

features, auxiliary equipment, such as a variotherm mould temperature 

controlling system and a vacuum venting system, are required. Semiconductor 

fabrication technologies enable fabrication of lager substrates with 

micro/nanoscale features. Multiscale integration of such features on a metallic 

insert is still rare. In-line functionality integration, such as electrodes, 
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lamination, bonding, and packaging are urgently needed for the production of 

commercial microfluidics device. 

       Studying typical micro/nano features on a large substrate and exploring a 

routine for process optimization and quality control for both microparts and 

micro/nano features have important practical uses and value. It is intended that 

this thesis can provide some new insights into various aspects of micro injection 

moulding.           
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Chapter 3  

Materials and methods 

3.1 Materials 

Based on the requirements of microfluidic devices and biomedical components, 

the following materials were selected for the present work with detail 

information shown in data sheets, as presented in Appendix B.  

• High density polyethylene (HDPE) has a wide processing window and 

excellent processability with good impact strength, high gloss, and 

dimensional stability. HDPE (HMA016 MI 20g/10min ASTM D1238) 

from ExxonMobil Chemical is used directly without drying. This grade 

has been widely used for housewares, food containers, closures, and 

toys etc.  

• Cyclic olefin copolymer (COC 5013L10 MI 48.0 cm3/10min ISO1133) 

from Tapas Advanced Polymers is an amorphous, transparent 

copolymer based on cyclic olefins and ethylene. This material has a 

wide range of unique properties: high clarity and UV transmission, high 

rigidity and strength, exceptional purity and biocompatibility, resistance 

to acids, alkalis, polar organics, etc. Topas COC was used as materials 

for transparent diagnostic chips and substrates for microfluidic device 

and optical devices (105). Additionally, COC accounts for 80% of the 

microfluidic substrate materials market, mainly due to its high 

transparency in near UV range (58). It is capable of replicating features 

down to 50nm (106). 

• Polyether Block Amides (Pebax®) is typical commercial segmented 

block thermoplastic elastomer. The hard segments consist of polyamide 

12 (PA12) and the soft segments are polytetramethylene oxide (PTMO) 
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(107). Pebax provides the best compromise of characteristics, such as 

the wide range of flexibility and good physical and chemical properties. 

Pebax has been used in the medical industry, such as in tubing for 

urology catheters, connectors for catheters. The Pebax 7233 SA01used 

in this work is a USP 6 approved material for medical applications.        

       HDPE and COC are mainly used for process characterization and 

micro/nanoscale features replication. Pebax is applied for all aspects for 

characterization work from process, rheology, feature replication, 

morphological study.   

3.2 Machine and Mould 

All the experiments in the following work were implemented using a Fanuc 

Roboshot S-2000i 15B reciprocating micro injection moulding machine, as 

shown in Fig. 3.1. It is an electric injection moulding machine, featuring newly 

developed mechanical units and the least controllers capable of the most 

advanced moulding of precision parts. The clamping force is 15 Tonne with the 

maximum injection velocity 525mm/s and the maximum injection volume 9cm3. 

The machine used in laboratory is equipped with a 14mm diameter injection 

screw, which is the minimum injection screw allowed for use for this machine. 

This screw can meter a volume as small as 153.9mm3 when the screw moves 

forwards 1mm, i.e. around 0.183g PMMA, which corresponds to ~6 standard 

polymer granules. For typical scale down reciprocating micro injection 

moulding machine with a 14mm diameter screw, a configuration of large sprue 

and runner system with a tiny end part has to be used. Such reciprocating micro 

injection moulding machines are popular in industrial production, due to their 

lower cost, easy knowledge transfer from conventional injection moulding 

machine. This thesis will focus on the characterization of this configuration.      



 62 

 

Figure 3.1 Fanuc Roboshot S-2000i 15B electric injection moulding machine 

       The mould was manufactured according to the specified requirements of 

this study, as shown in Fig. 3.2 (a) and (b). The mould cavity was formed by 

mould inserts, which were composed of either stainless steel or Bulk Metallic 

Glass (BMG) insert embedded on top of a steel insert, displayed in Fig. 3.2 (c) 

and (d). The cavities had thicknesses of 600, 500, 400, 300, and 200µm by 

installing exchangeable inserts.  

 

(a)                                              (b) 

 

(c)                                               (d) 
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(e)                                                (f) 

Figure 3.2 Mould and insert: (a) moving half, (b) stationary half, (c) stainless 

steel insert, (d) BMG insert embedded on steel holder, (e) HDPE moulded 

micro component, and (f) dimensions of moulded part (all in mm).  

       Moulds for surface micro features were manufactured by several methods. 

Four ridge feature inserts were designed to form two micro features with width 

of 20 and 40µm. The detailed dimensions and their assembly are shown in Fig. 

3.3. Other micro and nano scale features were machined on BMG inserts by 

using wire-EDM machining or Focused Ion Beam (FIB) milling. BMG inserts 

were fabricated from drop-casting rods in an inert environment. They have the 

composition Zr47Cu45Al8. These rods were then cut into short lengths via a 

high-speed diamond saw, and the circular faces were then ground and polished 

to a mirror finish. The BMG insert had average surface roughness of ~10nm to 

~170nm. As shown in Fig. 3.4, a 100µm semi-circular channel was machined 

on BMG insert using wire-EDM. However, EDM machined surfaces were 

rougher than the original insert surface.  

       Multiscale features from tens of microns to several hundred nanometers 

were machined on the BMG inserts by using FIB milling. A FEI Quanta 3D 

FEG Dual Beam FIB was used to machine the sub-micron and nano scale 

features on the surface of the BMG insert, as shown in Fig. 3.5.  In the 

following chapters, various micro/nano scale features were designed according 

to the characterization and application purposes. Detailed information of the 

various pattern designs will be introduced in related chapters.  
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(a)                                                (b) 

Figure 3.3 Micro ridge feature insert: (a) detail dimensions, (b) assembly.  

      

(a)                                                 (b) 

   

(c)                                                 (d) 

Figure 3.4 100µm micro channel feature machined across width of the insert (a) 

and (b) (note the significant roughness inside the channel) and replicated feature 

using HDPE (c) and (d).          
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(a)                                            (b) 

  

(c)                                                 (d) 

Figure 3.5 Micro/nano features on BMG: (a) channel and ridge features of sub 

10µm, (b) logo of UCD having features of sub 100nm, (c) multiscale features 

with nano scale ridges and an array of micro wells, (d) a 3×3µm micro well 

having an array of 7×7 nanopillars. 

3.3 Process monitoring system 

A Kistler COMO injection process monitoring system (2869B) was used for 

data acquisition, as shown in Fig. 3.6. COMO injection 2869B is a compact 

system for data acquisition, process monitoring and visualization and control, 

which has a high sample rate of 1200 Hz. The reaction time is less than 4ms. 

Cavity pressure and mould and material contact temperature, injection pressure 

and screw position were firstly collected by COMO and then were outputted 
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into a computer by Ethernet. Injection signals from the injection moulding 

machine triggered COMO to ensure that all the signals were received 

simultaneously. Two Kistler 6189A combined pressure and temperature sensors 

(PT sensors) with tip diameters of 2.5mm were fitted into the waisted region of 

the dog-bone mould cavity to directly detect the melt temperature and cavity 

pressure at the same position, as shown in Fig. 3.6 (c). The PT sensor marks 

were replicated on the moulded part.  

   

(a)                                                      (b) 

 

(c)                                                       (d) 

Figure 3.6 Data acquisition system: (a) schematic, (b) Kistler COMO system, 

(c) PT sensors and their location, (d) micromoulded Pebax part with PT sensor 

marks on the surface.   

3.4 Methodology 

3.4.1 Design of experiment 

Design of Experiment (DOE) was used to analyse the effects of machine 

parameters on process conditions. The following machine parameters were 

selected: injection velocity (Vi), holding pressure (Ph), holding time (th), barrel 
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temperature (Tb) and mould temperature (Tm). The levels of machine parameter 

were selected according to experimental trials, which should satisfy the 

following criteria for micro part: no short shot, no flash, and no thermal-

degradation, as indicated in Table 3.1. At the same, visual evaluation of 

replication quality of micro/nano-scale features was also taken into account. All 

the selected levels would give a certain degree of replication. Two level half 

factorial designs (25-1, 24-1 and 23-1) were conducted for HDPE, COC and Pebax 

for process characterization, as shown in Table 3.1. All process conditions were 

randomly repeated 3 times for HDPE and 2 times for COC and Pebax according 

to the internal random function of the Minitab software. The velocity pressure 

switchover position of the machine was set at 5mm for all process conditions. A 

traditional short shot method was used to optimize shot size for HDPE. The 

displacement increment was set as 0.02mm and the corresponding volumetric 

increment was 3.077mm3. Shot size for COC and Pebax was optimized based 

on screw velocity, which will be discussed in detail in Chapter 4. 

Table 3.1 Levels of selected machine parameters for HDPE, COC and PEBAX. 

 Level Vi(mm/s) Ph(MPa) th(s) Tb(oC) Tm(oC) 

HDPE 
High 450 120 0.6 160 70 
Low 100 70 0.2 150 40 

COC 
High 250 90 1 N/A 95 
Low 100 70 0.5 N/A 115 

Pebax 
High 250 70 N/A N/A 100 
Low 100 50 N/A N/A 60 

3.4.2 Rheology  

3.4.2.1 Slit flow model 

A slit is defined as a straight, rectangular channel having width w, which is 

much greater than its thickness h. The effect of edges on pressure drop is 

ignored. In the measurement, the polymer melt is forced to flow by a piston 

under pressure though a slit die, as shown in Fig. 3.7. With the assumptions of a 

fully developed steady state laminar flow with no-slip on the wall, the viscosity 
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can be calculated though monitoring the amount of polymer exiting the slit die 

per unit time (Q) for a given pressure drop (ΔP) (108). 

Table 3.2 Experimental design matrix for HDPE, COC and PEBAX. 

Material Case Vi(mm/s) Ph(MPa) th(s) Tb(oC) Tm(oC) 

HDPE 1 100 70 0.2 150 70 

2 450 70 0.2 150 40 

3 100 120 0.2 150 40 

4 450 120 0.2 150 70 

5 100 70 0.6 150 40 

6 450 70 0.6 150 70 

7 100 120 0.6 150 70 

8 450 120 0.6 150 40 

9 100 70 0.2 160 40 

10 450 70 0.2 160 70 

11 100 120 0.2 160 70 

12 450 120 0.2 160 40 

13 100 70 0.6 160 70 

14 450 70 0.6 160 40 

15 100 120 0.6 160 40 

16 450 120 0.6 160 70 
COC 1 100 70 0.5 N/A 95 

2 250 70 1.0 N/A 95 

3 100 70 1.0 N/A 115 

4 250 70 0.5 N/A 115 

5 100 90 1.0 N/A 95 

6 250 90 0.5 N/A 95 

7 100 90 0.5 N/A 115 

8 250 90 1.0 N/A 115 
PEBAX 1 100 50 N/A N/A 100 

2 250 50 N/A N/A 60 

3 100 70 N/A N/A 60 

4 250 70 N/A N/A 100 

(Note: Vi-injection velocity, Ph-holding pressure, th-holding time, Tb-barrel temperature, Tm-

melt temperature) 
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Figure 3.7 Schematic of slit rheometer (109). 

      The apparent shear rate and real shear stress in the slit model are given by  

                                           
   
γ w(app) =

6Q
wh2                                                   (3.1) 

and   

            ( ) 2w real
h P

L
τ −Δ⎛ ⎞= ⎜ ⎟⎝ ⎠

                                               (3.2) 

where L is length as shown in Fig. 3.7. When the ratio of w/h of a rectangular 

channel is less than 10, the edge effect on the shear stress must be corrected. 

The wall shear stress for Newtonian fluids is given by (110),  

                             ( ) 2( )w real
w h P
w h L

τ ⋅ −Δ⎛ ⎞= ⎜ ⎟+ ⎝ ⎠
                                         (3.3) 

According to the Walter correction (111), the wall shear rate of a non-

Newtonian fluid can be determined by 

        
   
γ w(real ) =

6Q
w ⋅h2

2
3
+ 1

3
n

⎛
⎝⎜

⎞
⎠⎟

                                            (3.4) 

where n (power law index) is the slope of 
   
log γ w(app)

versus   logTw . The 

disadvantage of Eq. 3.4 for in-line rheological measurements is that n is 

unknown. In order to obtain one point of the true viscosity function from each 

single measurement of τw and
   
γ w(app)

, a modified correction associated with the 
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concept of a representative viscosity was introduced by Schümmer and co-

workers (112) and was used in this work, taking the non-Newtonian velocity 

into account. They proposed an approximation procedure based on estimating 

the shear rate and viscosity at vertical distance ys where the apparent shear rate 

equals the true shear rate. At this point, the shear stress and the apparent shear 

rate, respectively, take the values *x τ and
   
x* γ w(app) , where * 2 /x y hs= . 

Therefore, 

   
η(x* γ w(app) ) =ηa ( γ w(app) ) =

x*τ
x* γ w(app)

                                           (3.5) 

For a power-law fluid and capillary flow, it can be shown that 

   
/( 1)

* 3 1
4

n nnx
n

−+⎛ ⎞= ⎜ ⎟⎝ ⎠
                                              (3.6) 

*x  is a weak function of n, which is 0.79 for a slit geometry(110). Thus, it is 

possible to calculate the viscosity at one shear rate using data from a single 

experiment or to shift the entire apparent viscosity data horizontally to obtain 

the real viscosity.   

3.4.2.2 Wall slip 

Generally speaking, viscous fluids adhere to and attain the velocity of the 

boundry during flow. However, a relative velocity at the contact line between 

the fluid and solid boundary during the flow is presented, that is the so called 

“wall slip” (113). Slips of polymer melts are explained by flow induced chain 

detachment/desorption and chain disentanglement. According to Hatzikiriakos 

& Dealy’s experiments with sliding plate and capillary rheometers (53, 54), 

wall slip occurs when the shear stress exceeds a critical stress around 0.1MPa 

for polyethylene. The experimental methods to determine the wall slip velocity 

can be found in an excellent review by Hatzikiriakos (55). Classic gap-

dependence methods, such as the Mooney method (114) and sliding plate 

rheometer (53), need a series of capillaries/slits with different diameters or 
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thicknesses. Flow visualization with optical techniques involves additional 

equipment, such as tracing particles and specially designed monitoring systems. 

Rosenbaum & Hatzikiriakos (115) used a simple modified power-law 

expression without pressure or temperature dependence to estimate the slip 

velocity: 

101 ( / )
m

s w
c w

au τ
τ τ

=
+

                                              (3.7) 

where wτ is wall shear stress, cτ is wall critical stress and a is the temperature 

dependent slip coefficient and m is a power law index (~3 for Polyethylene) 

(115). This model has been used by Yao and Kim  in their numerical simulation 

for filling of micro-scale channels and Vasco et al. to predict the slip velocity 

when polymer melts fill though 200µm×200µm and 400µm×100µm channels 

(57, 116).        

3.4.3 Microstructure characterization 

3.4.2.1 Sample sectioning  

Dumbbell specimen was firstly cut into two pieces at the middle along flow 

direction and then embedded into Sigma epoxy embedding medium kit (45359-

1EA-F). Then, it was cured at 45oC for 24 hours, following solidification at 

60oC for another 24 hours. We used a Leica EM UC6 ultra-thin microtome to 

cut Pebax into 10µm slides using 45o glass knives. Procedure A (A cut) 

composed of cutting sections perpendicular to flow direction in ND-TD plan, as 

shown in Fig. 3.8. In procedure B (B cut), we cut samples in ND-FD plane from 

one end of the specimen to the other. Two 100µm features near the sample 

clamping end were also cut to see their microstructures.  
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Figure 3.8 Sample sectioning (unit: mm): A cut along ND-TD plane, B cut 

along ND-FD plane, two 100µm features are located at clamping end of 

Dumbbell samples and 40 and 20µm ridge feature are aligned either along flow 

direction or against flow direction.     

3.4.2.2 Optical microscopy  

The cut slide samples were then sandwiched between two glass slides and 

observed under Nikon ECLIPSE 80i transmission Polarized Light Microscope 

(PLM). Owing to the residual stress from cutting force, polymer samples curled 

along the cutting direction. Possible deformation in the cutting process can lead 

to change of crystal size. We also used a Leica MEF 4M reflected polarized 

light microscope to observe the cutting surface of the remaining epoxy 

embedded block after cutting down thin polymer slides.  

3.4.2.3 Scanning Electron Microscope (SEM) 

In addition, dumbbell specimens were embedded into epoxy resin and cured for 

24 hours. They were then polished with abrasive papers and aluminium paste. 

The polished samples and the samples remained epoxy block were etched with 

15% Trichloroacetic acid/H2O (w/w) for 15 minutes (117). After cleaning with 

water and drying by hot air, the morphology of samples was then inspected with 

reflected polarized light microscopy and SEM. 
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3.4.2.4 Differential Scanning Calorimeter (DSC)   

Thermal analysis of Pebax 7233 samples produced under different injection 

speed, sample thickness and mould temperature were carried out using 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 rate of 10 °C/min. 

0.9-7mg of samples were characterized under a dry nitrogen atmosphere. DSC 

thermograms were generated and analysed using STARe software version 9.01. 

       The crystallinity of a homopolymer can be calculated as: 

100

( )% 100%m cH HCrystallinity
H

Δ −Δ= ×
Δ

                            (3.8) 

where ΔHm is the heat required to melt the crystals in the samples, ΔHc is the 

enthalpy of the cold-crystallization, and ΔH100 is the theoretical heat of fusion 

for 100% crystallinity (118). 

        While for the crystallinity of a copolymer, it can be calculated as: 

  

%Crystallinity = x ×
(ΔHm,PA12 − ΔHc,PA12 )

ΔHPA12,100

×100%
⎧
⎨
⎪

⎩⎪

⎫
⎬
⎪

⎭⎪

+ y ×
(ΔHm,PTMO − ΔHc,PTMO )

ΔHPTMO ,100

×100%
⎧
⎨
⎪

⎩⎪

⎫
⎬
⎪

⎭⎪

            (3.9) 

where x is the weight fraction of polyamide, ΔHm, PA12 is the heat required to 

melt the crystals in the polyamide 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% crystallinity Nylon 12; 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% crystallinity PTMO. Weight fraction of 

polyamide was 0.8, determined elsewhere (119), which is based on the ratio of 

PTMO and Nylon 12. ΔHm is normalized enthalpy value calculated from area of 

melting peak, while ΔH100,PA12 is assumed to be 246 J/g according to the 



 74 

literature (119). Since no PTMO melting peak is observed around 7°C, the latter 

portion of equation (3.9) is negligible. The remaining equation becomes: 

, 12 , 12

12,100

( )
% 100%m PA c PA

PA

H H
Crystallinity x

H
⎧ ⎫Δ −Δ⎪ ⎪= × ×⎨ ⎬Δ⎪ ⎪⎩ ⎭

                     (3.10) 

This will be used to calculate crystallinity of Pebax 7233 SA01 in Chapter 7. 

3.4.2.5 Small and Wide Angle X-Ray Scattering (SWAXS)  

In ordinary large angle X-ray diffraction, diffraction is measured between 10o 

and 90o. The molecular structure and atomic arrangement can be derived from 

the Bragg formula. In SAXS, scattering is measured in the region in which the 

scattering angle 2θ is 5o or less, as shown in Fig 3.9. SAXS measurements can 

distinguish entities ranging in size from 5 to 50 nm. In the semi-crystalline 

polymers, these heterogeneities are related to the difference of density caused 

by quite regular spacing of crystalline layers and amorphous zones. For oriented 

samples, two intensive peaks due to the lamella structure was found in the 

direction in which the sample was oriented only, which implies the molecules 

are oriented in a specific direction and distributed in a periodic structure size 

(repeated crystalline and non-crystalline phases). Figure 3.10 demonstrates the 

molecular periodicity structure. L represents the sum of average thicknesses of 

the crystal lamellae and the intermolecular amorphous regions. From the 1D 

scattering profiles, we can observe a maximum intensity which can be attributed 

to the long period of lamellae morphology.  

     
max

2L
q
π=                                                   (3.11) 

where qmax is the scattered vector corresponding to the maximum intensity and  

4 sin( / 2)q π θ
λ

=                                          (3.12) 

in which λ is the wave length and Θ is the scattering angle, as shown in Fig. 3.9.   
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Figure 3.9 Schematic of Small/Wide Angle X-ray Scattering (SWAXS) (120). 

 

Figure 3.10 Schematic of periodicity of crystalline and amorphous phase (120).  

       The orientation of crystalline lamella was quantified in the form of 

Hermans orientation function,  

23 cos 1
2

f
ϕ −

=                                                (3.13) 

/2 2
2 0

/2

0

( ) cos
cos

( )

I d

I d

π

π

ϕ ϕ ϕ
ϕ

ϕ ϕ
= ∫

∫
                                       (3.14) 

where φ is angle between the reference direction and normal direction of 

lamella and I is scattering pattern intensity. In our case, the reference direction 

is defined as 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. 
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Figure 3.11 Schematic of lamellae orientation (121).  

       SWAXS experiments were carried out using an Anton Paar SAXSess 

instrument, operated at 40 kV and 50 mA with point collimation and finger-like 

beam stop. The radiation used was a CuKa radiation of wavelength 0.154 nm 

(PAN analytical X-ray source). Intensity profiles were obtained with a point 

collimated SAXSess and recorded with a two-dimensional imaging plate. SAXS 

data were collected at room temperature. The sample was exposed under X-ray 

for 1 hour in transmission mode though the thickness direction. The degree of 

orientation can be detected easily from the two-dimensional 2D-SAXS 

scattering patterns, according to Eq. 3.13. Usually, the arc-profile is used to 

determine the orientation of crystals in a certain basal plane. Scattering from 

anisotropic materials (samples with partial ordering) need radial averaging in 

order to determine the angle of orientation and the degree of order. These two 

parameters are obtained from the azimuth angle of the scattered peak and its 

azimuthal spread, as shown in Fig 3.12. The intensity was normalized by the 

primary beam in order to consider the sample absorption and eventual drift of 

X-ray generator. The background under high vacuum conditions (0.1milli-Pa) 

was subtracted from scattered samples when calculating the orientation factor. 

The contrast was kept the same with no treatment at evaluation. The 

contribution to the intensity of lamellae clusters of larger distances creates a 

more intense diffusion with the small values of q. Such effect, relating to the 

geometry of diffusion, will influence the position of the maximum intensity. It 

will finally influence the calculation of the long period. Lorentz correction is 

generally used to refine the position of the scattering vector at the maximum 

intensity qmax, 
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2( ) ( )*cI q I q q=                                         (3.15)   

where Ic(q) is the corrected intensity.  

 

Figure 3.12 Schematic of arc profile and average intensity verse Azimuth angle 

(122).   

        The sample was firstly mounted on a solid sample holder; it was then 

insert into the X-ray chamber. After evacuating to a vacuum of 0.1mPa, the X-

ray shutter was turned on and held for 1 hour. Because of space limitation of the 

chamber and finger-like beam stop, we could not obtain a 360o scattering 

intensity pattern. Additionally, the scattering angle 2θ for WAXS can reach 40o. 

As a result, we used two configurations to examine microstructures, as 

indicated in Fig. 3.13 (a). Scattering patterns of two configurations of the same 

sample were pieced together to confirm a structure’s information acquired from 

a single scattering using configuration 1, as indicated in Fig. 3.13 (b).   
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Figure 3.13 Configuration of Small and Wide angle X-ray Scattering for micro 

moulded samples.    

 3.4.3 Mechanical properties 

The bulk mechanical properties were acquired from tensile tests. A special 

holder was design to clamp the micro dumbbell specimens. The large ridges of 

the samples were fitted into clamping slots so as to eliminate any slippage. 

100N load cell was used in the tensile test. The tensile strain was acquired 

based on tensile tester crosshead displacement. 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 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 and yield strain, and nominal strain at break. Young’s modulus was 

approximated by the secant modulus at 5% strain. No strength properties were 

obtained, since these properties were scattered much more than stiffness data, 

because of failure would occur at any individual weak point and irreversible 

damage often starts far below the yield point (26, 99, 123).  

     Nanoindentaion was employed to study the local modulus and hardness of 

various morphological layers. Polymer sample was firstly embedded into epoxy 

resin and then solidifies for more than 12 hours. The embedded samples was 

then subsequently polished by silicon carbide paper (grade 2500), diamond 
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suspensions (3µm) and colloidal silica (sub 0.05µm). All experiments were 

performed at 500nm imposed depth using a diamond Berkovich indenter tip 

using MTS Nanoindenter XP. Arrays of ~20 indentations were conducted 

across 400µm thickness at ND-FD plane, as shown in Figure 3.8.         

3.5 Summary 

This chapter introduced materials, machine, and mould for experiments in the 

following chapters. Multi-scale feature manufacture was also included. Basic 

theory of rheology monitor was introduced. Microstructure characterization 

methods (PLM, DSC, SWAXS, and SEM) for micro parts and micro features 

have been introduced. Mechanical properties were evaluated by tensile tests.     
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Chapter 4  

Process characterization 

4.1 Introduction 

This chapter will focus on process characterization of a reciprocating micro 

injection moulding system with a 14mm diameter injection screw when used to 

manufacture a typical micro component that has a large sprue and runner. 

Process conditions that the materials experience will be monitored by an in-line 

pressure and temperature measurement system. Firstly, conventional short shot 

trials will be used to optimize the shot size for each process condition; gate 

solidification time will be estimated using cavity pressure curves; the effect of 

machine process parameters on the filling, packing and cooling stages will be 

analysed statistically using process characteristic values (PCVs). The dynamic 

response of the machine and its resulting effects on cavity filling will also be 

characterized. Based on process characterization, a new method for shot size 

optimization, based on the in-line monitored cavity pressure and screw position, 

is proposed. The effect of machine process parameters on PCVs will be 

analysed to validate that the process is under control and can be optimized.   

4.2 Cavity filling behaviour  

The filling stage is of great importance in the micro injection moulding process, 

in which polymer melt is injected into a mould cavity to fill the mould cavity 

and surface micro/nano features. A thin solidification layer forms immediately 

when hot melt contacts a relatively cold cavity wall. Micro/nano features, 

particular those that have similar dimensions to the skin layer, are formed 

mainly during this stage. In addition, high shear rates during filling have a 
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significant effect on the molecular orientation and this will ultimately influence 

anisotropy and mechanical properties of micro parts (124).  

4.2.1 Cavity filling 

As shown in Fig. 4.1, screw position, injection pressure, cavity pressure and 

material contact temperature of the mould-polymer interface were monitored 

for 5s after injection. The trace curves of the first 0.1s were enlarged to make 

the filling stage more clearly visible, as shown in Fig. 4.2. At the beginning, the 

injection screw moves forward with no significant pressure rise during the first 

5ms. This is probably due to a small flow resistance after decompression in the 

plasticization stage. The small rise of injection pressure and screw position, at 

0.017s, indicates that the melt front starts to fill the runner. The volume filling 

the sprue is around 190mm3, which corresponds to 1.47mm of screw forward 

displacement. The corresponding metering volume is 226mm3, which is almost 

19% higher than the volume of the sprue as calculated from the 3D geometric 

model. This larger difference is because of the P-v-T behaviour of the polymer 

melt and also because of material being lost due to leakage from backflow from 

the injection nozzle. A similar phenomenon is seen when filling the runner, gate, 

and cavity. The screw, runner, and part of the cavity are filled before sensor 1 

registers any signal. The material contact temperature of sensor 1 is higher than 

that of sensor 2. This is probably due to heat loss at the melt front when the melt 

travels from sensor 1 to sensor 2. Sensor 1 registers pressure and temperature at 

the same time, around 0.034s after injection, as shown in Fig. 4.2. The material 

contact temperature at the position of sensor 1 is significantly lower than 

polymer melt temperature, partly because the thermocouple needs time to track 

the real temperature. Possible jetting problems reported for HDPE (125) could 

also partly explain this temperature. The temperature at sensor 1 is the material 

temperature at the skin layer of a jetting flow and these increases with time 

while heat transfers from the core region to the mould wall. Around 8ms later, 

sensor 2 registers pressure and temperature signals. Both the jump of cavity 

pressure measured by sensors 1 and 2 and injection pressure at 0.056s indicates 

that the cavity is almost fully filled, at which stage the screw position is 
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3.21mm. The entire corresponding displacement of the screw during the filling 

stage is approximately 6.29mm and the corresponding volume is 969mm3, 

which is 32% bigger than the entire volume of the whole moulded part. This 

difference could be due to the P-v-T behaviour of the material.  

 

Figure 4.1 Trace curves of screw position, injection pressure, cavity pressure, 

and material contact temperature of HDPE of case 10 (c.f. Table3.1).       

 

Figure 4.2 Trace curves of screw position, injection pressure, cavity pressure, 

and material contact temperature within 0.1s. 
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        Because the dumbbell sample is symmetric about its middle axis, the 

volume of material between the gate and sensor 1 is equal to that between 

sensor 2 and the end of the sample. As a result, the screw displacement to fill 

the volume from sensor 2 to the sample end is about 0.75mm, which is 

approximately equal to the corresponding screw displacement (Δd) to fill the 

volume from the gate to sensor 1. Thus, the corresponding time at which the 

cavity starts filling is determined as ~0.029s. Based on the P-v-T data of HDPE 

(126) and considering the influence of pressure inside the cavity during cavity 

filling, the error in this estimated screw position is around 4%. In summary, 

mould filling is triggered by the injection signal. The sprue is filled after around 

0.017s. After that, the melt keeps moving forward to fill the runner and gate. 

The estimated time at which cavity filling starts is 0.029s. The cavity filling 

takes around 0.027s.  

4.2.2 V-P switchover 

In conventional injection moulding, the cavity volume is large enough that any 

effects of switchover from velocity control to pressure control (V-P switchover) 

on the cavity filling behaviour are negligible. However, as discussed in Section 

4.2.1, the cavity filling time is only 0.027s and the V-P switchover could 

influence cavity filling. In the present study, metering size was considered as a 

variable and was optimized by short shot trials for each process condition in 

order to obtain a uniform switchover position. The typical position switchover 

method was adopted, with the set mechanical switchover position being 5mm in 

all the experiments. The actual switchover positions of 100 cycles of the same 

process conditions were output from the machine database, as shown in Fig. 4.3. 

The average switchover position was 4.97mm with a standard deviation of 

0.063mm, which corresponded to the switchover time of 33ms after injection. 

The coefficient of variation is 1.26%, which proves that the machine is under 

control. Fluctuations of the V-P position might be caused by factors such as 

inhomogeneous material properties and the machine control mechanism, 

metering size and back flow. In fact, the set injection velocity was not actually 

reached within around 0.033s after start of injection to the switchover position. 
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The actual peak injection speed was around 220mm/s under process case 10, as 

shown in Table 3.1. The velocity build up depends on the dynamics of driven 

motors and selected dynamic response style, control unit etc. 

        The experiments of case 10, with and without packing pressure, were 

implemented to investigate the transition from velocity control to pressure 

control. Figure 4.4 displays the profiles of cavity pressure, injection pressure, 

screw position and screw injection velocity for process condition 10, i.e., with 

and without packing pressure. The set switchover position was 5mm, as shown 

by the dash dotted line at position B. The corresponding injection pressure was 

around 43MPa, while the corresponding injection velocity reached its maximum 

and decreased quickly after this point. This indicates that the machine started 

the V-P transition from its switchover position. When the screw reached 

position D, i.e., at 3.5mm, the response of both the injection pressure, screw 

position and screw velocity diverged from each other: this indicates that the 

transition from velocity control to pressure control was completed and the 

pressure control started taking effect. The period of time during which the 

screw travelled from position B to position D was defined as the V-P transition 

time and it was ~10ms. The corresponding screw displacement was around 

~1.5mm, which is the so-called deceleration stroke. The corresponding 

deceleration volume was ~231mm3. The V-P transition is an inherent 

characteristic of an injection moulding machine. The transition time was 

assumed to be constant for all process conditions in the present study. It is 

worth noting that the cavity was not fully filled before the V-P transition when 

the screw was held at position B. The corresponding cavity pressure was around 

12MPa, as shown at point C. The actual cavity filling continued with the 

transition from velocity control to pressure control. 
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Figure 4.3 Actual switchover positions of 100 cycles. 

 

Figure 4.4 Profiles of cavity pressure, injection pressure, screw position and 

screw velocity for process condition 10 with and without packing pressure (c.f. 

Table 3.1).  

4.2.3 Process characteristic values (PCVs) in filling stage 

The filling stage was characterized by selected PCVs. Average screw velocity 

and average injection pressure during the cavity filling stage were used as PCVs 

to describe dynamic machine responses during the cavity filling process. As 

cavity pressure is sensitive to changes in injection pressure, injection rate, screw 

speed, back pressure and cushion (127), the average cavity pressure was 

adopted as a process characteristic value. By using the method that was adopted 
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to estimate the corresponding screw position at the beginning of cavity filling, 

the start time for cavity filling could be determined. Using the length of the 

tensile sample and estimated filling time, the average filling velocity was 

calculated as another process characteristic value. The average cavity pressure 

and filling velocity provide useful insight into the actual cavity filling process. 

This work also used the predetermined metering size as a process characteristic 

value, which determined the amount of material that was injected into the 

mould.  

4.3 Post filling behaviour   

Post filling commences as soon as the cavity is completely filled. It is controlled 

by heat transfer in the mould cavity and by compressibility of the solidifying 

melt. During holding, the injection pressure changes rapidly to the set holding 

pressure and is held for a short interval. After gate solidification, material is 

locked inside the cavity and remains physically isolated from the injection 

moulding machine. Pressure and temperature follow a monotonic decay until 

the end of the cycle, after which the polymer has solidified and is ejected out of 

the mould. The final properties of injection moulded parts, such as the 

microstructure, birefringence, the presence of residual stresses, density 

fluctuations, any shrinkage or warpage of the parts, are closely related to the 

holding and cooling conditions (128).  

4.3.1 Gate solidification time 

Estimating the actual gate solidification time is important so as to distinguish 

between holding and cooling. Krug et al. (129) and Pantani et al. (40) estimated 

the gate solidification time based on an inflection point in the cavity pressure 

curves. When gate freeze off, the pressure supplied to liquid core of the 

solidifying moulding is disconnected and the pressure in the isolated core 

decays, which can suggest gate solidification time. Holding time from 0.2~0.6s 

was set with the same other process parameters. Since the solidification stage 

involves the progressive shrinkage of moulded part, holding pressure and 
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holding time control compensation of shrinkage and mass of parts is expected to 

a function of holding time until gate freezes. The corresponding moulded parts 

under various holding times were weighed to validate method of estimation gate 

frozen time using cavity pressure. As shown in Fig. 4.5, dp/dt is a 

monotonically decreasing function up to ~0.3s and a monotonically increasing 

function after ~0.3s. This indicates that the inflection happened at ~0.3s. The 

corresponding weight of parts is also essentially stable when the holding time 

exceeds ~0.3s, as indicated in Fig. 4.5 (b), which suggests that the gate has 

solidified and no further polymer can be packed into the cavity. The inflection 

of the cavity pressure versus time curve will be used as a sign of gate 

solidification to identify the holding and cooling stages. In addition, when the 

holding time is shorter than the gate solidification time of ~0.3s, the cavity 

pressure decays very quickly, as shown in Fig. 4.5 (a) for the case with a 

holding time of 0.2s. On the other hand, when the holding time exceeds ~0.3s, 

cavity pressure remains very consistent.  

 

(a)                                                        (b) 

Figure 4.5 Gate solidification time estimation: (a) cavity pressure curves and 

their derivatives with different holding time, (b) weight of parts at different 

holding time. 

4.3.2 Holding and cooling behaviour 

Figure 4.6 shows trace curves of injection pressure, screw position, cavity 

pressure, and material contact temperature. The cavity is fully filled, after 

0.056s from beginning of injection, indicated by significantly increase of 
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injection and cavity pressure to the set holding pressure of 70MPa after 0.1s. 

The injection pressure and cavity pressure maintain a constant value for 0.15s 

and then gradually decay. In this process, some extra material is forced into the 

mould to compensate for shrinkage during the solidification process. However, 

displacement of the screw position, which controls the amount of material 

packed into the cavity, is not so significant, due to a small cavity and large 

injection screw. Normally, holding pressure is maintained until the gate 

solidifies and no more material is allowed to enter or exit the mould cavity. 

However, under process conditions 10, the holding time (~0.2s) is shorter than 

the estimated gate solidification time (~0.3s). The cavity pressure measured at 

sensor 2 near the part end exceeds that of sensor 1 near the gate. This pressure 

difference leads to back flow inside the cavity and some material could even 

exit the cavity. This would give rise to an object which is lighter and smaller 

and have a different morphological distribution.  

      The contact temperature distributions of sensor 1 and sensor 2 recorded over 

5s following injection, are shown in Fig. 4.1. The recorded temperatures 

quickly reach maximum values at 0.27s, which corresponds to the time that the 

sensors started to track the temperature. This coincides with the response time 

of the sensors. Due to fast filling and the relatively slow response time of the 

temperature sensors, it is impossible to monitor temperature distribution in the 

filling stage. The cooling stage occurred after gate sealing and the cavity 

pressure then decayed gradually and it was the P-v-T behaviour of the material 

that determined the cavity pressure and final dimensional accuracy. Cavity 

pressure finally decayed to 0MPa at ~0.6s, which indicated that the polymer 

detached from the mould surface. Because the cooling rate of the part varies 

from the core to the skin, the nominal cooling conditions could be only inferred 

by the degree of supercooling (130), which depends on the mould-polymer 

interface temperature and melt temperature. As a result, peak injection pressure, 

peak cavity pressure, peak material contact temperature, gate solidification time 

and screw displacement were selected as PCVs of post-filling stage. Five 
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consecutive cycles of each process condition were selected to obtain the process 

characteristic values. 

 

Figure 4.6 Trace curves of screw position, injection pressure, cavity pressure, 

and material contact temperature at post filling stage (holding stage is covered 

with grey box). 

4.4 Process characterization  

4.4.1 HDPE 

4.4.1.1 Filling  

Figure 4.7 displays the mean and standard deviation of the defined process 

characteristic values during the cavity filling process under different process 

conditions. The average injection velocity ranges from its lowest value of 

~70mm/s at process conditions 1, 5, 9 and 13 to its highest value of ~205 mm/s 

at process conditions 4, 8, 12, and 16, as shown in Fig. 4.7 (a). Comparing to 

cases of lower injection velocity settings (100mm/s), the average injection 

velocity of the cases with high injection velocity setting (450mm/s) is far lower 

than the set injection velocity. This indicates that the screw velocity does not 

fully build up at the high injection velocity settings: this is because of the slow 

dynamic response of the injection server motor (131). The metering sizes 

display the exact opposite trend i.e., the metering size increases with lower 
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injection velocity. Meanwhile, for the same setting of injection velocity, the 

metering sizes are higher for cases with lower mould and melt temperatures. 

This indicates that the metering size is primarily dominated by injection 

velocity and by mould and melts temperature. This is explained by viscous 

dissipation caused by high shear rates, and the P-v-T behaviour of the material. 

As shown in Fig. 4.7 (b), the average filling velocity and average cavity 

pressure display a similar pattern. The actual average cavity pressure ranges 

from 20.8MPa to 24.8MPa. The maximum and minimum average cavity filling 

velocities are ~1200mm/s and ~500mm/s, respectively. Based on Newtonian 

flow, the corresponding shear rates range from 2500s-1 to 6000s-1. Comparing to 

PCVs for machine response and for cavity filling from both Fig. 4.7 (a) and (b), 

it can be seen that the average filling velocity has a similar distribution to that 

of the average screw velocity. Average filling velocity also presents a similar 

pattern with average cavity pressure, which indicates that an increasing screw 

velocity can lead to a rise of cavity pressure.  

 

(a)                                                      (b) 

Figure 4.7 Variation of PCVs in filling process. 

       Figure 4.8 shows the standardized effects of the machine parameters and 

their interactions on process characteristic values. Average cavity pressure 

increases with increase of injection velocity. Instead, average cavity pressure 

increases with decrease of melt temperature and mould temperature, which is 

closely associated with the shear thinning behaviour of HDPE and flow 

resistance of the cavity. The metering size increases with decrease of injection 

velocity, melt temperature, and mould temperature. The average injection 
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pressure increases with decrease of holding pressure, melt temperature, and 

mould temperature. It is for this reason that the average injection pressure 

presents a complex pattern in Fig. 4.8 (a). As shown in Fig 4.8, the average 

filling velocity increase with increase of injection velocity, holding pressure, 

melt temperature and mould temperature. Similarly, average screw velocity 

increases with increase of the injection velocity and holding pressure.  

 

(a)                                                 (b) 

Figure 4.8 Standardized effects of the machine parameters and their 

interactions on PCVs in filling process (Parameters A=Vi, B=Ph, C=th, D=Tb, 

E=Tm (c.f. Table 3.1)). 

       It needs to be emphasized that the filling stage is also affected by holding 

pressure, based on statistical analysis. In order to analyse the effect of holding 

pressure on filling behaviour, two process conditions, cases 10 and 16 with 

70MPa and 120MPa holding pressures respectively, are compared, as shown in 

Fig. 4.9. These two conditions have the same machine parameters except for 

holding pressure and holding time. The holding time is not considered due to its 

small effect on the filling stage.  
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(a)                                                           (b) 

Figure 4.9 Effect of holding pressure on filling behaviour: (a) process condition 

10, (b) process condition 16 (c.f. Table 3.1). 

      Here we divide the cavity filling stage into two sub-stages: cavity filling 

before and after the V-P transition is complete. The estimated time at which the 

filling starts is around 0.032s for process condition 10, as shown in Fig. 4.9(a). 

The corresponding screw position is around 5.7mm. The switchover position is 

around 5mm, as indicated in Section 4.2.2. Assuming the V-P transition time is 

consistently 10ms, the estimated V-P transition starts at 0.034s and finishes at 

0.044s for case 10. However, the cavity is not fully filled at 0.044s and the 

injection screw is still moving forward to fill the rest of cavity until 0.053s, at 

which time the cavity is fully filled with a significant increase of cavity pressure, 

as shown in Fig. 4.9 (a). Consequently, the filling behaviour is actually 

controlled by the holding pressure after the V-P transition. Similarly, the 

estimated V-P transition finishes at 0.043s for case 16, as shown in Fig. 4.9 (b). 

The cavity is fully filled after 0.045s. As a result, cavity filling of process 

condition 16 is also affected by the holding pressure. However, the time to fill 

the cavity under holding pressure control lasts for only 3ms for process 

condition 16, and for around 11ms for case 10. This is because the set holding 

pressure for case 16 is higher than that for case 10. The higher holding pressure 

requires that the injection screw moves faster to achieve its set value. The 

corresponding average screw velocity is 350mm/s for case 16, which is faster 

than the 49mm/s for case 10 after the V-P transition. The corresponding screw 
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displacement is 0.7mm (for a volume of 108mm3) and 0.5mm (for a volume of 

78mm3) for cases 16 and 10, respectively. Obviously, the average screw 

velocity and filled volume of case 16 after the V-P transition and before full 

filling is significantly higher than that associated with lower holding pressure 

for case 10, due to high inertia from such a high velocity. The corresponding 

filling time of case 16 is significantly shorter than that of case 10. In all, the V-P 

transition in the micro injection moulding process is ~10ms, which is 

comparable to the cavity filling time (16~22ms) and this transition means that 

holding pressure significantly affects the cavity filling behaviour.    

4.4.1.2 Post filling  

        As shown in Fig. 4.10, peak cavity pressure and peak injection pressure 

have a similar pattern and do not change with the polymer mould interface 

temperature, which follows the variation of holding pressure. But both the 

barrel and mould temperature have a significant effect on cavity pressure. This 

is because the cavity is so small and variations induced by temperature would 

lead to significant changes, but they are not large enough to change the injection 

pressure. The screw displacement in Fig. 4.10 (b) follows a similar pattern to 

peak cavity pressure, although the material temperature changes significantly at 

different process conditions. This indicates that screw displacement during the 

holding stage mostly depends on pressure, in contrast to temperature. This is 

consistent with the statistical analysis shown in Fig. 4.11, which indicates that 

holding pressure almost dominates screw displacement, although barrel 

temperature and moulding temperature are also significant factors that influence 

screw displacement. Gate sealing time varies significantly with process 

conditions, but has no dependence on cavity pressure and temperature. It has 

been reported that gate thickness and cavity geometry are the most important 

factors in determining gate sealing time (40). The present statistical analysis 

implies that all process parameters have a significant effect on gate sealing, as 

shown in Fig. 4.11 (b). Holding pressure has the most negative effect and mould 

temperature and holding time have the most positive effect. The effect of 
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holding pressure and holding time can be explained by the variation in the heat 

transfer coefficient with pressure and time (128, 132).  

 

(a)                                                    (b) 

Figure 4.10 Variation of PCVs in post-filling process.  

 

(a)                                                    (b) 

Figure 4.11 Standardized effects of the machine parameters and their 

interactions on PCVs in post-filling process (Parameters A=Vi, B=Ph, C=th, 

D=Tb, E=Tm (c.f. Table 3.1)). 

4.4.2 COC  

4.4.2.1 Shot size optimization based on screw velocity 

Proper determination of switchover from velocity control in the filling stage to 

pressure control in the holding stage can reduce defects from over-packing and 

under-packing, such as flash, sticking to mould, breakage due to higher residual 

stress, sink marks and underweight (133). Switchover time, ~10ms, is much 
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shorter than the filling time for conventional injection moulding and is usually 

ignored. However, for micro injection moulding, such small part volumes make 

the filling time comparable to the machine switchover time. The switchover 

time would consequently have a significant influence on the filling or packing 

process, as observed during the HDPE filling process described in Section 4.4.1.  

       The ideal switchover position ought to be indicated by a significant 

increase of cavity pressure when the polymer melt reaches the end of the cavity. 

Based on observations of cavity pressure with the current process monitoring 

system, it was possible to develop a shot size optimization method to ensure the 

correct switchover. The switchover position was set as 5mm. It is known that 

once the machine switches from filling to packing, screw velocity drops rapidly 

until the screw pressure reaches the set holding pressure. Therefore, screw 

velocity was used as an indicator for the switchover transition. The shot size is 

gradually increased until screw velocity falls down at the same time that cavity 

pressure significantly increases. COC was used as an example to optimize the 

shot size based on cavity pressure and screw velocity. Figure 4.12 shows cavity 

pressure, injection velocity, and screw position after shot size optimization, 

with and without holding stage, using this method. It can be seen in the full shot 

without holding stage that the machine switches over at 0.075s with the 

switchover position ~3.6mm, at which time cavity pressure increases 

significantly. When a holding stage was included into the process under the 

same condition, the machine switches over at 0.065s, with the corresponding 

switchover position of 4.82mm. Assuming the V-P transition is ~10ms, it is 

seen that the machine switchover happens between 0.065s and 0.075s, which 

ideally diminishes the effect of holding pressure on the filling process. This 

method was used to optimize shot size for all process conditions for COC.  
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Figure 4.12 Full shot with and without holding stage after shot size 

optimization.  

4.4.2.2 Filling  

The variation of PCVs with different process conditions for COC is shown in 

Fig. 4.13. In contrast with HDPE, the variation of metering size is not 

significant. From the statistical analysis of Fig. 4.14, mould temperature is the 

most significant factor for shot size, which increases with decrease of mould 

temperature. Injection velocity also has a significant effect on metring size, but 

it is less important than mould temperature compared to HDPE, which is related 

to the selected range of process parameters and material P-v-T behavior. As 

shown in Fig. 4.13, the average screw velocity reaches almost the maximum 

level at process conditions 2, 4, 6 and 8, i.e., a high injection velocity 

~200mm/s, and reaches the minimum level for process conditions 1, 3, 5 and 7, 

i.e., a low injection velocity ~100mm/s. Obviously, the set maximum velocity 

of 250mm/s (high level) is not achieved because of the short filling time, which 

is similar to HDPE. However, for the 100mm/s low velocity setting, it is fully 

achieved. Statistical analysis in Fig. 4.14 indicates that screw velocity is fully 

determined by the injection velocity setting. This indicates that the process is 

under control and low injection velocity settings can be achieved very well for 

micro injection moulding. The average injection pressure does not change much 
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under the selected process conditions. It is found that injection pressure 

increases with decrease mould temperature, while it increase with increase of  

the interaction of injection velocity and holding pressure is the most significant 

positive factor.  

 

(a)                                                     (b) 

Figure 4.13 Variation of PCVs in filling process for COC.  

 

(a)                                                 (b) 

Figure 4.14 Standardized effects of the machine parameters and their 

interactions on PCVs in filling stage of COC (Parameters A=Vi, B= Tm, C=Ph, 

and D=th (c.f. Table 3.1)).  

      With respect to filling conditions in the micro cavity, cavity pressure did not 

change very much with the maximum pressure being ~10MPa, which was much 

lower than the maximum injection pressure ~50MPa. This indicates that the 

pressure drop is quite significant during the cavity filling process. This could be 



 99 

addressed to obtain a high cavity pressure for filling micro/nano features by 

either reducing the flow length of the sprue and runner or by increasing the gate 

size. From a processing perspective, statistical analysis indicates that the 

interaction of injection velocity and mould temperature determines the cavity 

pressure. A high mould temperature would prevent the polymer from premature 

solidification, which is identified as the most significant factor to affect 

micro/nano surface feature replication (31). An increase of cavity pressure can 

also force more polymers into a micro/nano cavity by either viscous flow or 

short term creep (134, 135). 

      The average cavity filling velocity has a similar pattern to average screw 

velocity and has the maximum velocity of ~900mm/s (corresponding to shear 

rate is ~4500s-1) and the minimum velocity of ~400mm/s (shear rate is ~2000   

s-1); this is much higher than the actual screw velocity, because the reduced 

cavity volume induces an increase in volume flow rate. Statistical analysis also 

indicated that cavity filling velocity is determined by the set injection velocity. 

4.4.2.3 Post-filling 

As shown in Fig. 4.15, peak injection pressure and peak cavity pressure present 

similar patterns of variation to that of the average screw velocity shown in Fig. 

4.15. This indicates that peak injection pressure and cavity pressure both 

influence injection velocity. Statistical analysis indicates that injection velocity 

is the most significant positive factor on peak cavity pressure, and mould 

temperature is the most significant negative factor. As shown in Fig. 4.12, after 

the V-P transition, screw velocity does not reduce to zero immediately. It 

continues moving forward because of inertia and forces more material into the 

cavity, leading to a significant increase of cavity pressure and injection pressure. 

This process is influenced by the set injection velocity, temperature, and 

machine dynamic response.  
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(a)                                                           (b) 

Figure 4.15 Variation of PCVs in post-filling process for COC.  

        For polymer-mould contact temperature, process conditions 1, 2, 5 and 6 

have the minimum value of ~120ºC at the lowest mould temperature setting and 

3, 4, 7 and 8 have the maximum temperature of ~140ºC at the highest 

temperature settings. Mould temperature dominates the interface temperature, 

as indicated by statistical analysis, shown in Fig. 4.16 (a). Gate sealing time 

depends on the thermo-mechanical history of material during the entire process. 

Statistical analysis indicates that all selected parameters have a significant effect 

on gate sealing, as shown in Fig. 4.16 (b), which is similar to HDPE. Screw 

displacement in the holding stage is determined by holding pressure and mould 

temperature, which is as it should be and confirms that holding phase totally 

controlled by holding pressure. The holding time has no significant effect on 

screw displacement. This is because the maximum gate sealing time is ~0.3s, 

which is well below the set holding times of 0.5s and 1s. In summary, the post-

filling stage is well controlled by both holding pressure and mould temperature.  
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(a)                                                        (b) 

Figure 4.16 Standardized effects of the machine parameters and their 

interactions on PCVs in post- filling stage of COC (Parameters A=Vi, B= Tm, 

C=Ph, and D=th (c.f. Table 4.1)).  

4.4.3 Pebax 

4.4.3.1 Filling 

The metering size of Pebax is determined as ~11mm when optimized with the 

proposed method. The Pebax metering size is higher than COC, as shown in Fig. 

4.17 (a). This depends on the material P-v-T properties and on process 

conditions. For Pebax, injection velocity is the most significant negative factor 

and mould temperature also has a significant effect, as indicated by the 

statistical analysis in Fig. 4.18. This is similar to HDPE. Obviously, screw 

velocity has a similar pattern to HDPE and COC. It is totally dominated by 

injection velocity. Average injection pressure also presents a similar pattern as 

metering size and screw velocity. Injection velocity dominates the injection 

pressure under the current process conditions from statistical analysis. These 

analyses indicate that the machine is fully controlled by injection velocity and 

that the effect of mould temperature is not significant at all compared to HDPE 

and COC. This might because of the selected process range and also the 

rheological behaviour of the polymer material. For the filling behaviour of the 

micro cavity, the average filling velocity is determined by the injection velocity 

and the corresponding maximum shear rate can reach 5000s-1. Average cavity 
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pressure does not change much. Statistical analysis implies that none of the 

selected machine parameters have a significant effect on cavity pressure. In 

summary, filling behaviour is controlled well by the injection velocity. The 

effect of holding pressure is fully removed after shot size optimization.  

 

(a)                                                          (b) 

Figure 4.17 Variation of PSVs in filling process for Pebax. 

 

(a)                                                      (b) 

Figure 4.18 Standardized effects of the machine parameters and their 

interactions on PCVs in post- filling stage of Pebax (Parameters A=Vi, B= Ph, 

C= Tm (c.f. Table 3.1)).  

4.4.3.2 Post-filling 

Similar to HDPE and COC, peak cavity pressure and injection pressure are 

controlled by injection velocity for Pebax, which is implied by the statistical 

analysis in Fig 4.20. The polymer and mould interface temperature varies from 
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~75ºC at process conditions 2 and 3 with the lowest mould temperature setting 

(60°C) to ~120°C for process conditions 1 and 4 with the highest mould 

temperature setting (100°C), as shown in Fig. 4.19. Actually, this interface 

temperature is dominated by the mould temperature, indicated by the statistical 

analysis in Fig. 4.20. The maximum gate sealing time is ~0.18s, which is much 

smaller than that for COC (maximum gate sealing time ~0.25) and for HDPE 

(maximum gate sealing time ~0.52). This means that Pebax solidifies much 

faster than COC and HDPE for the setting conditions. Screw displacement 

varies significantly with injection velocity, as shown in Fig. 4.19 (b). Statistical 

analysis indicates that screw displacement was controlled mainly by injection 

velocity. This means the post-filling stage is not controlled by holding pressure 

under the selected process conditions but controlled by injection velocity. It is 

also worth noting that screw displacement is negative for Pebax for all process 

conditions, which means the injection screw retracts during the holding stage. If 

we consider the trace curves of injection pressure, cavity pressure and screw 

position in Fig. 4.21, the screw reaches its lowest position of 4mm at ~0.1s, at 

which time the injection pressure reaches its peak value ~125MPa. Because the 

holding pressure is set as 60MPa, the screw has to retract to release pressure 

until it reaches its set value for 0.2s. This period of time exceeds the gate 

solidification time of 0.15s. As a result, parameters in the holding stage cannot 

influence screw displacement in a real packing-holding process.  

 

(a)                                                    (b) 

Figure 4.19 Variation of PSVs in post-filling process for Pebax. 
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(a)                                                   (b) 

Figure 4.20 Standardized effects of the machine parameters and their 

interactions on PCVs in post- filling stage of Pebax (Parameters A=Vi, B= Ph, 

C= Tm (c.f. Table 3.1)).  

 

Figure 4.21 Trace curves within 0.5s for Pebax. 

4.5 Summary 

        In this chapter, a reciprocating micro injection moulding machine with a 

14mm diameter injection screw has been used to mould 25mm3 dumbbell 

specimens. Some unique features have been found for this micro injection 

moulding process. Firstly, the cavity filling time was around 16~27ms, which 

was similar to the machine V-P transition time ~10ms. It was found that the V-

P transition had a significant effect on cavity filling behaviour. Traditional short 
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shot trials can not provide the correct shot size for small parts, but introduce the 

effect of holding pressure into cavity filling.  Secondly, although the machine 

was under control, the injection velocity, set at high level, was not achieved, 

because of the short filling time and slow dynamic response of the machine.  

        Process characteristic values were selected to characterize the filling and 

post-filling stages. For HDPE, traditional short shot trials were used to optimize 

shot size, and statistical analysis indicated that metering size was determined by 

injection velocity, mould temperature and melt temperature, depending on the 

P-v-T behaviour of materials. Cavity filling behaviour was determined by 

injection velocity and holding pressure. Machine response at filling stage was 

also controlled by injection velocity and holding pressure. For the post-filling 

stage, screw displacement was determined by holding pressure, and by mould 

and melt temperature. This means that the holding stage was controlled by the 

holding pressure. All process parameters have an effect on the gate sealing time 

for HDPE and COC, because of material thermo-mechanical history during the 

moulding process. The polymer-mould interface temperature is fully governed 

by mould temperature. Based on monitored cavity pressure and screw velocity, 

we optimized shot sizes for COC and Pebax to ensure that the V-P transition 

occurred immediately before the holding stage so as to eliminate any effects of 

the holding stage on the cavity filling behaviour. Statistical analysis indicated 

that the effect of holding pressure on filling was eliminated after the shot size 

was optimized using the method proposed for COC. This provides a basis for 

process control and optimization for such small milligram parts. However, 

because the gate solidifies so fast and before the V-P transition finishes, 

pressure control does not really influence the packing stage.      
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Chapter 5  

Thermo-rheological behaviour of 

polymer melts during the micro 

injection moulding process 

5.1 Introduction 

Rheological characterization of polymer melts is widely used in process 

monitoring, quality control, process design and simulation, and troubleshooting 

applications (17). Generally, the techniques, such as rotational, capillary or slit 

flows, use laboratory equipment to obtain accurate measurements at a series of 

set strain rates and temperatures (18). Some efforts have been made by using 

slit/capillary dies embedded into either a nozzle or a mould to test the material 

rheology with an injection moulding machine or an extruder (17, 18, 124, 136-

138). This method can provide the rheological data under the same thermo-

mechanical history that is experienced by the testing materials during the real 

process conditions, such as plastication and viscous heating.  

         Because of high temperature and high speed injection, polymer melts 

experience very high shear rates and very high thermal gradients in the micro 

injection moulding process. In the present chapter, the rheological behaviour of 

polymer melts was measured with several adjustable dog-bone slit dies with 

thicknesses ranging from 600µm to 200µm using a commercial micro injection 

moulding machine and a process monitoring system. By recording the pressure 

drop and using cross-section of gauge length of dog-bone part, the viscosity was 

calculated according to the slit flow model. By varying the machine process 

parameters, the effect of slit thickness on viscosity was observed and the effects 
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of plastication on viscosity were also evaluated. Using dimensionless analysis 

and the power-law slip model, it was possible to study the influence of the non-

isothermal process and wall slip on thickness dependent viscosity.  

5.2 Experimental methods 

5.2.1 Process parameters settings 

Typical injection velocities from 10mm/s to 300mm/s were selected to realize a 

wide range of shear rates. Trial and error was used to find the process 

parameters required to ensure all thickness parts were fully filled, as shown in 

Table 5.1. The melt and mould temperatures were set below the melting 

temperature of Pebax and varied in three levels. Three important factors during 

plastication, namely back pressure, screw rotation speed and dwell time, were 

also set in three levels to characterize the effect of plastication on melt 

rheological behaviour. The shot size of all the process conditions was set as 

12mm. Each of the settings was repeated 30 times and five consecutive cycles 

were randomly selected to calculate the viscosity of polymer melts during the 

micro injection moulding process.  

5.2.2 Pressure drop 

Generally, the conventional slit rheometer is a rectangular slit and the pressure 

drop can be directly recorded without any end correction. In the present work, 

however, the cavity was designed to have the shape of a dog-bone so that the 

moulded parts can be used for mechanical testing. Moreover, the relatively 

larger PT sensor tips could be fitted into the mould cavity. As the result, the 

waisted regions will influence the pressure drop in the gauge length. However, 

for most commercial thermoplastic polymers, when the ratio of capillary length 

to diameter is over 20, the Bagley end correction can be ignored except for very 

high molecular weight polymers (139). For our case, ratios of length to depth 

vary from 20-50 except for the 600µm cavity thickness, for which the ratio is 

16. Therefore, the entrance and exit arc transitions are likely to have a 

negligible effect on pressure drop. The pressure gradient can be approximated 
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by ΔPtotal/ΔLtotal, as shown in Fig. 5.1. As the total pressure drop can be 

recorded by PT sensors, the gauge region of length L and of width W were used 

to calculate the apparent viscosity.   

Table 5.1 Process parameter settings 

T (µm) Mat. Vi(mm/s) Tb(oC) Tm(oC) Pb(MPa) Vr(rpm) Td (s) 

600 Steel 10 210 120 5 100 5 

500 BMG 20      

400 BMG 40      

300 Steel 60      

  80      

  100      

  150      

  200      

  250      

  300      

200 Steel 50      

300 BMG 100      

  150      

  200      

500 BMG 40 200 100 5 50 5 

  70 190 80 10 100 15 

  100   20 150 30 

  150      

  200      

(Note: T- cavity thickness, Mat.- insert material, Vi- injection velocity, Tb- melt temperature, 

Tm-mould temperature, Pb-back pressure, Vr-screw rotation speed, Td-dwell time) 

       Figure 5.2 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 end of the part. The average pressure drop during Δt2 was 

used to calculate the pressure gradient.  
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Figure 5.1 Locations for PT sensors. 

 

Figure 5.2 Typical cavity pressure and injection screw position during flow in 

the dumbbell die. 

5.2.3 Volume flow rate 

For a conventional rheometer, the slit/capillary die is connected to a barrel 

equipped with a piston to form the melt delivery system, as shown in Fig. 3.7. 

The volume flow rate is obtained from the measured piston speed, VP, and the 

piston cross-sectional area, Q=APVP (18, 136-138). In the injection moulding 

process, the molten polymer is injected by the injection screw though the 

injection nozzle, sprue, runner, and gate into the cavity, as shown in Fig. 3.6 (c). 

For the current system, the volume of polymer melt injected under the preset 

injection stroke made by the injection screw can be calculated from the screw 

position recorded by the COMO process monitoring system, as shown in Fig. 

5.2. The theoretical injection volume can be calculated by VL=πD2S/4, where VL 

is theoretical injection volume (mm3), D is diameter of screw (mm); S is actual 
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injection stroke of injection screw (mm). However, for micro injection 

moulding, the volume of the micro component is even smaller than the unit 

metering volume of the machine. As a result, volume variations from the 

material P-v-T behaviour and leakage flow due to delays of the check ring shut 

off is even greater than the volume flow into the cavity. Figure 5.3 compares of 

the theoretical volume calculated from the screw displacement and air shot 

volume under the same process conditions. Ignoring the effect of pressure and 

temperature on volume, the actual injection volume is around 78% of the 

theoretical injection volume under different injection velocities. In addition, as 

indicated in Fig. 5.4, the injection moulding machine maintains the set injection 

velocity only at a low value and the set high injection velocity, such as 

300mm/s, is not achieved. Therefore, it is improper to use injection velocity to 

calculate the volume flow rate in the same way in the conventional injection 

moulding. Instead, the actual volume flow rate must be calculated by the ratio 

of actual volume of the dumbbell part between sensor 1 and sensor 2 to the time 

the melt take to travel this corresponding distance (Δt1). 

 

Figure 5.3 Comparisons of theoretical injection volume and actual injection 

volume.  



 111 

 

Figure 5.4 Profile of injection velocity. 

5.3 Results and discussion 

5.3.1 Conventional rheological behaviour of polymer melts 

The rheological data of Pebax 7233 at temperatures of 200oC, 230oC and 260oC 

is provided by the material supplier, as shown in Fig. 5.5 (140). Pebax is a 

thermo-rheological simple polymer and its viscosity temperature relationship 

can be described by the Arrhenius equation,  

( ) exp ET A
RT

η ⎛ ⎞= ⋅ ⎜ ⎟⎝ ⎠
                                                  (5.1) 

where A is a resin dependent constant, T is melt temperature, R is the gas 

constant and E is the flow activation energy. Based on data fitting at high shear 

rates (>1000 1/s) (141), E is approximately 25.9 kJ mol-1.  

       According to the time-temperature superposition principle, a dimensionless 

temperature shift factor Ta can be determined by  

1 1expT
ref

Ea
R T T

⎛ ⎞⎛ ⎞
= −⎜ ⎟⎜ ⎟⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠

                                        (5.2)   

where R=8.314*10-3kJ/(mol K), Tref is a reference temperature and T is the 

objective temperature. The objective temperature was set at 210oC, which 

equals the melt temperature in the current experiments. Data fitting gives the 
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different Ta when shifted to 210oC: 0.87 (Tref=200oC), 1.29 (Tref=230oC) and 

1.83 (Tref=260oC). All the viscosity data under different temperatures were 

shifted to 210oC, as shown in Fig. 5.6. It can be seen that the data fitting has a 

good superposition at high shear rates.  

 

Figure 5.5 Viscosity of Pebax 7233. 

       The Carreau-Yasuda viscosity function was used to describe the rheological 

behaviour. Viscosity data shifted from 200oC was used to fit the viscosity 

model (142),  

   
η( γ ) =η0 1+ (λ γ )a⎡⎣ ⎤⎦

(m−1)/a
                                             (5.3) 

where 0η is zero shear rate viscosity,λ  is a characteristic time, m is the power 

law exponent and a is transition width parameter. Figure 5.7 shows the data 

fitting with the Carreau-Yasuda model and the parameters of this model are 

shown in Table 5.2.  

Table 5.2 Parameters for Carreau-Yasuda model for Pebax 7233  

 η0 [MPa s] λ[s] a m 

Value 0.00179 0.03329 0.52562 0.50992 

Standard error 6.67709E-5 0.01578 0.06714 0.05161 
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Figure 5.6 Master viscosity curves shifted from different temperatures at 

reference temperature of 210oC.   

  

Figure 5. 7 Master visosity curves at 210oC. 

5.3.2 Micro cavity flow   

5.3.2.1 Viscosity with different slit thicknesses 

Based on the slit flow model and the Schümmer correction, the apparent and 

actual viscosities of Pebax under real micro injection moulding conditions can 

be obtained. The comparison between the Carreau-Yasuda viscosity model and 

the micro dog-bone slit viscosity is shown in Fig. 5.7. Four important features 

can be found: the measured viscosity is well below the conventionally predicted 

viscosity; the viscosity of polymer melt depends on the slit thickness; viscosity 

decreases as the slit thickness increases and the measured viscosities of 400µm, 
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500µm and 600µm cavities are almost superposed together; the viscosity curves 

converge as the shear rate increases. As shown in Fig. 5.8, the viscosity 

deceases as melt temperature and mould temperature increase. In addition, a 

BMG slit and a steel slit were also manufactured with the same thickness of 

300µm. As shown in Fig. 5.9, the viscosities measured using both the BMG and 

Steel are identical, which indicates that there is no significant difference 

between BMG and steel as far as the on rheological behaviour of polymer melts 

is concerned.  

        During conventional rheological measurements, the melt flow is kept 

under isothermal conditions to eliminate any effects of heat diffusion on 

viscosity. However, in an actual injection moulding process, the mould 

temperature is set well below the melt temperature in order to cool the part. 

This makes filling a non-isothermal process. For micro injection moulding, due 

to the high surface to volume ratio, the heat diffusion is more significant and 

will influence the monitored viscosity. Therefore, the non-isothermal flow 

conditions needs to be taken into account when explaining the slit thickness 

dependent viscosity.  

 

Figure 5.8 Measured viscosity and predicted conventional viscosity. 
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     (a) 

 

(b) 

Figure 5.9 Effect of temperature on viscosity: (a) melt temperature, (b) mould 

temperature.   

 

Figure 5.10 Comparison of viscosity for different cavity materials.  
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5.3.2.2 Non-isothermal flow 

The energy balance is given by the following equation (143):  

 
   
ρcp

∂T
∂t

+ v ⋅∇T
⎛
⎝⎜

⎞
⎠⎟
= k∇⋅∇T + 1

2
γ                                   (5.4) 

where cp is the specific heat, k is the thermal conductivity, T is the temperature, 

t is the time, 
 
γ is the strain rate. There are four contributions in the energy 

equation: (i) heat conduction in the flow direction, (ii) heat conduction in the 

thickness direction, (iii) heat convection in the flow direction, (iv) viscous 

heating. Yao and Kim (143) used several dimensionless numbers to analysis 

the relative importance of sources for energy balance. These dimensionless 

numbers were also used to characterize the current dog-bone slit cavity.  

      Peclet Number (Pe) is the ratio of heat convection to heat conduction along 

the flow direction, defined as  

   
uLPe
α

=                                                          (5.5) 

where u is average filling velocity, L is length of slit cavity (L= 9.77mm) and 

thermal diffusivity α~10-7m2/s.  

       Graetz Number (Gz) is the ratio of heat convection in one direction to heat 

conduction in another direction. It also can be understood as the ratio of the 

time required for heat conducting from centre of cavity to the mould wall to the 

average residence time in the cavity. For the present cavity, the main heat 

conduction is in thickness direction and major convection is in flow direction. 

Therefore,  

2uhGz
Lα

=                                                      (5.6) 

        Brinkman Number is the ratio of viscous heating to heat conduction from 

imposed temperature difference. It can be represented by  
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2uBr
k T
η=
Δ

                                                     (5.7) 

Because Q=uA, when substituted into Eq.3.1, the average velocity u can be 

expressed as function of apparent shear rate 
   
γ w(app) , 

 
   
u =
γ w(app) ⋅h

6
                                                 (5.8) 

Substituting Eq.5.8 into the dimensionless groups, the relationship of Pe, Gz 

and Br on shear rate and cavity thickness can be found, where k=0.23w/moC 

and ΔT=Tmelt-Twall=90oC. 

         As shown in Fig. 5.10, Pe, Gz and Br are thickness and shear rate 

dependent. They both increase with the increase of shear rate and cavity 

thickness. In addition, they converge with a decreasing shear rate. For Pe, it 

indicates that heat conduction along the flow direction is becoming more 

important for thin slit for lower filling velocity. However, when shear rate 

reaches its lowest values 3×1031/s, Pe is still~2×104. Therefore, heat convention 

along the flow direction can be safely neglected. Gz reduces to 10 when shear 

rate reaches its lowest values 3×1031/s, this indicates that heat convection along 

the flow direction is more important than the transverse heat conduction. Br 

varies from 0.2 to 9 in over the range of shear rates and cavity thicknesses. 

When Br ≥1, viscous heating would have a more significant effect than heat 

conduction. Viscous heating increases with shear rate and cavity thickness, 

although it has less effect at lower filling velocities for relatively thinner 

cavities.  
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         (a)                                                             

      

    (b) 

 

    (c) 

Figure 5.11 Effect of cavity thickness and shear rate on dimensionless group: 

(a) Peclet Number, (b) Graetz Number, (c) Brinkman Number. 
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5.3.2.3 Wall slip  

Generally, the wall shear stress increases with shear rate for a non-slip wall-

polymer interface. The onset of slip is determined by a critical shear stress. 

According to experimental observations of Mhetar & Archer (144), there are 

three slip regimes: (i) a weak slip regime at low shear stresses when slip 

exceeds a first critical stress σc (0.1~0.3MPa) and the shear stress–shear rate 

relationship first becomes nonlinear due to adhesive failure from flow induced 

polymer chain detachment; (ii) a stick-slip regime at intermediate shear stresses 

marked by periodic oscillations in slip velocity and shear stress; (iii) a strong 

slip regime at high shear stresses. Figure 5.11 depicts the flow curves of Pebax 

melts under different cavity thicknesses in the actual micro moulding process. 

For 200µm and 300µm thick slits, the shear stress reduces with increasing shear 

rates. This indicates that polymer melts might be located in the stick-slip regime 

and disentanglement of polymer chains induces stress relaxation. On the other 

hand, for the slits that are at least 400µm thick, the shear stress gradually 

increases with shear rate with a small slope and the polymer melt might be in 

the weak slip or stick-slip regime.  

       Because the slip behaviour of Pebax was not characterized, the critical 

stress τc, slip coefficient a and power law index m in Eq.3.7 are unknown. 

Therefore, the relative slip velocity was defined as slip velocity over the 

maximum slip velocity (us/us(max)) in order to describe the slip behaviour under 

different thickness slit cavities. Assuming the power law index m=3 (53), the 

defined relative slip velocity is shown in Fig. 5.12. Generally, the relative slip 

velocity decreases as cavity thickness increases except for 400µm slit. This can 

be explained by the flow curves in Fig.5.11. It is clear that the shear stresses 

reduce as the slit thickness increases except for the 400µm thick slit cavity, the 

results of which are almost identical to these of the 600µm slit. This is because 

the insert forming the 400µm thick cavity was polished to an average roughness 

~30nm, while the inserts forming 500µm cavity has an average roughness 

~200nm. The rougher surface will restrict the flow of polymers and needs 

greater force.   
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        Figure 5.13 illustrates the flow curves under different melt and mould 

temperatures. The shear stress decreases with melt temperature. Lower mould 

temperatures leads to the increase of the shear stress because of heat transfer, 

although this is not obvious when mould temperature is lower than 100oC, as 

indicated by the similarity of the shear stress at 100oC and 80oC. Figure 5.14 

shows the shear stress when using 300µm thick BMG and steel inserts. 

Although BMG was polished to an average roughness of ~30nm compared to 

the relatively rough steel insert, which had a surface roughness of ~200nm, 

there was no significant difference between the corresponding shear stress. This 

indicates that the effect of heat transfer might be more important than surface 

roughness on polymer viscosity for the 300µm thick slit cavity.  

 

Figure 5.12 Flow curves obtained for different cavity thickness.  

 

Figure 5.13 Relative slip velocity versus shear rate. 
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(a)                                                                         

 

 (b) 

Figure 5.14 Effect of temperature wall shear stress for 0.5mm channels: (a) 

melt temperature (b) mould temperature. 

 

Figure 5.15 Effect of roughness and material on wall shear stress (Note Ra of 

BMG~30nm and of Steel ~200nm). 
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5.3.2.4 Interpreting slit thickness dependent viscosity  

We start by assuming that the conventional viscosity of a polymer melt is free 

of slip at the relatively lower shear rates. The viscosity predicted by the 

Carreau-Yasuda model can be considered as that without slip. It is well know 

that viscosity decreases with increase of temperature. As discussed in Section 

5.3.2.2, heat convection dominates over heat diffusion during the filling process 

for all slit cavities. The competing effects of heat transfer and viscous 

dissipation will determine the actual melt temperature during the filling process. 

Generally, wall slip can reduce the shear stress needed to force a polymer melt 

thought the slit cavities and increase the shear rate, which consequently reduces 

the viscosity. The experimental work by Chien et al. (108) and simulation by 

Yao & Kim (51) both confirm that wall slip can significantly reduce the 

viscosity of polymer melts.   

          For either the lowest shear rate or the thinnest slit (200 µm), the heat 

conduction will dominate the heat transfer and the relatively small viscous 

dissipation can be neglected. In normal conditions, the measured viscosity 

should be higher than the non-slip viscosity when mould temperature is set 

below the melt temperature. However, as seen in Fig. 5.7, all the measured 

viscosities are well below these predicted by the Carreau-Yasuda model. This 

implies that wall slip occurred and significantly reduced the viscosity. In 

addition, it was also observed that the viscosity generally decreased as slit 

thickness increased. This could have been because viscous heating induced a 

temperature increase, as evidenced by dimensionless analysis. Moreover, the 

frozen surface layer forms quickly due to heat conduction. On one hand, this 

reduces the slit cross-section, especially for thinner slits, and the corresponding 

shear rate increases, which would decrease viscosity. On the other hand, more 

heat is conducted away from the polymer melt and melt temperature would 

decrease, leading to an increase of viscosity. From experimental results, it is 

clear that the effect of temperature decrease is more important than the effect of 

an increase of shear rate, due to the decrease of cavity thickness. Although the 

wall slip velocity decreases with increase of the slit thicknesses, the reduced 
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viscosity with increase of slit thickness indicates that viscous heating and heat 

conduction may play a more important role. The measured viscosity for the 

400µm, 500µm and 600µm slits are relatively similar, due to their similar shear 

stresses and wall slip velocities, although the heat transfer conditions are 

different. The viscosity of the 400 µm slit was smaller than that of the 500µm 

slit. This is because of the lower surface roughness induced a reduction of shear 

stress. The viscosity converges together with the increasing of shear rates.  This 

tendency is similar to slip velocity and is contrary with Pe, Gz and Br, when 

shear rate increase. This implies that wall slip governs the viscosity in the 

overall trend.     

5.3.3 Effect of plastication on viscosity 

The rheological characterization of polymer melts for injection moulding is 

commonly carried out using a capillary rheometer with raw polymer material, 

neglecting the influence of the plastication phase. Bariani et al. (137) compared 

the viscosity measured by a twin bore capillary rheometer and an in-line slit 

rheometer utilizing an injection moulding machine. The viscosities are similar 

when measured by both methods. This means the thermomechanical history 

from the plastication phase does not have a significant effect on the rheological 

behaviour of polymer melts for conventional injection moulding.  

        We used our current system to study the effect of thermomechanical 

history during the plastication stage on the rheological behaviour of polymer 

melts in the micro injection moulding process. As shown in Table 5.1, three 

important parameters of the plastication stage were selected: back pressure, 

screw rotation speed, and dwell time. A 500µm slit was used with a melt 

temperature of 210oC and mould temperature of 120oC. As shown in Fig. 5.15, 

all selected parameters have some influence on viscosity. The viscosity 

decreased with increasing back pressure possibly because of the increasing 

friction induced heat during screw rotation. When screw rotation speed is lower 

than 100rpm, there is no change in viscosity. When rotation speed reaches 

150rpm, the viscosity increases. This might be because the faster rotation 
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causes slippage of the material so that the temperature levels off or even 

decreases. The dwell time has less of an effect on viscosity and longer dwell 

times could give a small reduction in viscosity. However, for heat sensitive 

polymers, too long a dwell time could cause material degradation.  

 

(a)                                                          (b)                                              

 

   (c) 

Figure 5.16 Effect of thermomechanical history during plastication on viscosity 

in the micro injection moulding process: (a) back pressure, (b) screw rotation 

speed, (c) dwell time.  

5.4 Summary 

In this chapter, a measurement system to quantitatively evaluate the rheological 

behaviour of polymer melts under a typical micro injection moulding process 

was established. The flow curves of slit dog-bone cavities with ranging 
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thickness from 600µm to 200µm were monitored. Three dimensionless numbers 

Pe, Gz and Br, were used to evaluate the non-isothermal process that the 

material experienced during the actual moulding process. Four important 

observations can be made about the viscosity of polymer melts in the actual 

micro injection moulding process:  

• The measured viscosity is well below the predicted conventional 

viscosity;  

• The viscosity of polymer melts depends on the slit thickness;  

• The viscosity decreases as the slit thickness increases and the measured 

viscosities of 400µm, 500µm and 600µm cavities are almost superposed 

together;  

• The viscosity curves converge as the increase of shear rate.  

        Dimensionless analysis indicates that heat transfer, including heat 

convection along the flow direction, surface heat conduction, and viscous 

heating, have a significant effect on the slit thickness dependent viscosity. The 

relative wall slip velocity also depends on the slit cavity thickness. The 

competing effect of wall slip and non-isothermal conditions under real 

moulding process conditions determines the slit thickness dependent viscosity. 

The thermomechanical history induced by plastication stage, mainly screw 

rotation speed, back pressure, and dwell time, also has an effect on the 

rheological behaviour of polymer melts in micro injection moulding.  

        This work suggests that wall slip behaviour, and non-isothermal conditions 

should be considered for numerical simulation and process analyse for the 

micro injection moulding process. The in/on line-rheological measurements in 

micro/nano meter scale for plastication stage can give more precise polymer 

rheological data than conventional rheology measurements.  
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Chapter 6  

Replication of multi-scale features 

using micro injection moulding 

and Bulk Metallic Glass (BMG) 

technology    

6.1 Introduction 

Replication of micro/nano scale features also poses challenges for the tooling 

technologies and having a durable master mould with well fabricated 

micro/nano scale features is critical for mass production with the micro 

injection moulding process. The traditional silicon-based moulds are brittle and 

have a limited longevity (10, 20, 21). Metal, such as nickel stamper, has been 

widely used to make micro/nano scale moulds (9). However, this requires 

electrodeposition of nickel which is a slow and expensive process, and nickel 

shim is also thin and very flexible. Although metal moulds are stronger than 

semiconductors, the patterning of metals on the nano-scale is limited by their 

finite grain size (23). Bulk metallic glasses exhibit superior mechanical 

properties and they are intrinsically free from grain size limitations and are 

gradually being applied to research of micro/nano scale moulding, such as hot 

embossing (23, 61, 145, 146) and micro injection moulding (147). In addition to 

its appealing mechanical properties, BMG can be easily used for precision 

thermal plastic forming at length scales spanning from ~10nm to 10cm (148-

150). Therefore, it can facilitate requirements for manufacturing over different 

length scales (151).  
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         This chapter characterizes the replication of micro/nano scale features 

from a BMG mould insert with the micro injection moulding process. In 

addition, pressure and temperature sensors were embedded into micro cavities 

to monitor the pressure and temperature that the material experienced in the 

moulding process. We also systematically investigated the correlations between 

machine parameter settings, process conditions and the replication quality of 

features. The influences of flow direction and channel width on the replication 

quality of micro/nano features were studied under the optimized combination of 

process parameters obtained from the correlation study. The performance of 

BMG material after approximately 10000 and 20000 injection moulding cycles 

was also evaluated.  

6.2 Multi-scale features 

6.2.1 Machining and measurement of multi-scale features 

Various surface features were machined on the BMG surface by wire-EDM 

machining or Focused Ion beam milling, as discussed in Chapter 3. 

Characterization of multi-scale feature was carried out for features smaller than 

5 microns, which challenged both manufacturing technologies and replication 

processes.  

       As shown in Fig. 6.1(a), four groups of micro/nano features were milled 

near the shoulder of the dog-bone part. Two groups are channels and the other 

two groups are ridges, which have been arranged parallel to and against the 

flow direction. The depth of channels on BMG is 2.24 µm with a standard 

deviation of 0.07µm. The designed widths ranged from 4 µm to 0.3 µm. The 

height of ridges is 1.91 µm with a standard deviation of 0.14µm and designed 

widths from 4 µm to 0.45 µm respectively. The logo of University College 

Dublin (UCD) was also machined as a nanostructured surface on the BMG 

insert, as shown in Fig.6.1 (b). 
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(a)                                    (b) 

   

   (c)                                     (d) 

Figure 6.1 Micro/nano features on BMG: (a) channel and ridge features, (b) 

logo of UCD, (c) ridges along flow direction, (d) ridges against flow direction. 

        Each sample for measurement was randomly selected from 30 parts which 

were molded under the same combination of machine process parameters. The 

replicated heights of features were measured by a Veeco optical profilometer. A 

FIB milling technique was used to cut away a section of the features in order to 

observe the profile of the features. A Platinum strip layer was deposited via e-

beam across the ridges and channels to protect the feature integrity during the 

FIB milling process. A rectangular section was cut directly in front of the 

deposited Pt layer. According to Volker et al. (152), the temperature increase 

could be estimated by 

                                                 (6.1)  

where P is beam power, a is beam radius and k is thermal conductivity of the 

substrate during the FIB milling process. In the present case, the beam voltage 

PT
akπ

=
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is 3.0kV and beam current is 1nA during the milling process. The beam radius 

is around 80nm. The thermal conductivity is around 0.5 W/mK for HDPE. 

Therefore, the temperature increase can be estimated as 24°C. Because the FIB 

milling process is carried out at room temperature, the substrate temperature 

was estimated to reach around 50°C during milling, which is significantly lower 

than the peak melting temperature for HDPE (130°C). In addition, Pt is a good 

thermal conductor, which also would help to deliver the heat during the milling 

process. Therefore, the features would not melt during milling. For ridges, the 

profiles of features are exposed directly, as shown in Fig 6.2(a). For channels, 

the profiles of channels can be reflected by cutting though a deposited Pt layer, 

as shown in Fig 6.2(b).  

        The polymer material used throughout this chapter is mainly HDPE. Other 

materials, such as Pebax 7233, PMMA VS-UVT, COC 5013L10, are used 

either for application requirements or for comparison.   

   

(a)                                            (b) 

Figure 6.2 Cross section of micro/nano features on the moulded part machined 

by FIB milling: (a) ridges, (b) channels. 

6.2.2 Replication of multi-scale features 

6.2.2.1 Feature replication 

In order to investigate the replication capability of micro injection moulding 

using BMG tooling, we have made various patterns ranging in size from 

millimeters to tens of nanometers. Figure 6.3 exhibits the SEM images of ridges 
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and channels replicated by micro injection moulding along and against the flow 

direction (FD). All of the sub 5 micron features on the mould insert were well 

replicated. Using non-optimized moulding conditions, it was easy to produce 

HDPE (HMA 016) parts as shown in Fig. 6.3 (d) and (e), with good replication 

of all features including the ~100nm wide harp strings. This absence of process 

optimization (temperatures, compression cycle, optimum polymer, etc.) 

indicates that higher fidelity replication of the smallest features is potentially 

possible.  

       We also explored the nanometer scale replication capabilities of BMG. We 

designed an array of square pillars to gradually extend the cavity dimensions to 

the nanometer scale (~200 nm). A bitmap with defined patterns was used as a 

mask to mill square cavities on surface of the BMG by FIB. By varying the 

dimensions of the bitmap patterns, length of the sides of the individual square 

cavities was varied from ~400 to ~200 nm. Figure 6.4 (a) shows 400nm square 

cavity arrays with different depths, which were machined with different FIB 

milling process settings: 30kV beam voltage, 0.3nA beam current, with out-of-

plane dimensions (i.e., depth) of 100nm, 50nm, and 200nm from left to right. 

The area of each 8×8 array is 6µm×6µm. All these features were located near a 

~10µm wide micro channel, which was machined using a 30kV beam voltage 

and 5.0nA beam current. In addition, a sub-micron (7×7) pillar array inside a 

3µm×3µm micro cavity was machined with 30kV beam voltage and 1nA beam 

current, as shown in Fig. 6.4 (b). Figure 6.4 (c) shows an 8×8 square cavity 

array with an area of 3µm×3µm with length and width of the sides of each 

square ~200nm. The squares were sharply patterned with FIB milling on BMG. 

~100nm array of holes were FIB milled with a 30 kV beam voltage and a 30pA 

beam current, as shown in Fig. 6.4 (d). Microinjection moulding using this 

BMG tool successfully exhibited a multi-scale replication capability and all the 

defined patterns on BMG were well replicated without process optimization, 

even with the smallest ~100 nm features, as seen in Fig. 6.4 (e)-(h). The 

replication fidelity could be enhanced by process optimization and by using 

auxiliary equipment. 
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Figure 6.3 Top view of micro/nano features replicated in HDPE: (a) ridges 

along flow direction, (b) channels along flow direction, (c) ridges against flow 

direction,(d) channels against flow direction, (e) replicated nanostructured UCD 

logo (positive), (f) replication details of UCD logo (negative).  

 

Figure 6.4 Multi-scale features: patterned on BMG using FIB and replicated on 

surface of HDPE.  
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6.2.2.2 Optical level surface replication 

Although its amorphous structure means that metallic glasses can be used for 

multi-scale patterning, it also means that BMGs can be strong but brittle. Ultra-

fine polishing of BMGs is possible, although the science behind such polishing 

is not well developed. Some micro products, such as micro contact lens for flat 

panel displays (153), nanophotonic components, information storage media, 

such as blue ray disks, and some bio-analytical applications, require mirror 

grade surface finishes. In addition, the replication of micro/nano features is also 

sensitive to surface roughness, due to its effect on heat transfer and local flow 

fields (154). Conventional lapping and polishing methods were used to provide 

a mirror grade finish on a BMG tool. As shown in Fig. 6.5 (a), four strips of 

BMG were polished to an average surface roughness of ~9 nm and then 

assembled into both sides of a square plate cavity. Under process conditions of 

injection mould temperature 50°C, injection velocity 50 mm/s, nozzle 

temperature 205°C and holding pressure 35MPa, the micro moulded part in 

PMMA (Altuglas VS UVT-100) exhibited an average roughness of ~6 nm. 

Some flaws such as tiny white dimples are visible on the clear surface: these are 

due to pores on the surface of the BMG strips from the metal casting process. 

Colleagues elsewhere within UCD are currently working on methods to avoid 

and/or remove such microporosity. 

6.2.3 Effect of pattern design on replication  

6.2.3.1 Pattern design 

Focused Ion Beam (FIB) milling technology was used to machine the channels 

and ridges on the surface of the BMG insert. The detailed design of patterns are 

displayed in Fig. 6.6, which was named as patterns a, b, c and d. The black 

regions of these patterns were machined so as to form the channels and ridges 

on the cavity insert. 
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Figure 6.5 (a) Square plate mould with both halves incorporating two BMG 

strips. (b) Three-dimensional representation of the surface finish on a typical 

area of BMG. The roughness in this area ranges from Ra = 5 to 8nm. (c) 

Moulded PMMA square part with optically clear strip surface replicated from 

the BMG inserts. (d) Three dimensional representation of the surface finish of 

the optical surface of a PMMA part. The surface roughness in this area ranges 

from Ra = 5 to 11nm. 

 

Figure 6.6 Designed patterns (unit: µm). 
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      Pattern (a) and (b) were arranged along and against the flow direction at 

position 2 on the dog-bone cavity insert to study the effect of pattern 

configuration and flow direction on the replication quality, as shown in Fig. 6.7. 

The dimensions of patterns (a) and (b) in Fig. 6.6 are presented in Section 6.2.1. 

Pattern (c) with designed lengths of 48, 24, 12, 6, and 3µm was arranged 

parallel to and against the flow direction at position 2 of the mould insert in 

order to study the influence of length on the filling of features. Pattern (d), with 

spacing of 1 µm and 2 µm was also milled parallel to the flow direction at 

position 2 on the mould insert to illustrate the effect of spacing on replication. 

In addition, pattern (a) was machined at position 1 of the BMG insert to 

elaborate the effect of pattern position on replication quality.  

 

Figure 6.7 Pattern locations on the BMG cavity insert. 

6.2.3.2 Effect of feature configuration and geometry 

All the features are well replicated, as shown in Fig. 6.3. It can be seen that 

ridges that are oriented along the flow direction have a better replication quality 

than those against the flow direction, especially for smaller features. On the 

other hand, channels along the flow direction have a similar replication quality 
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to those against the flow direction. The relative and absolute extent of filling 

under the same process conditions were used to evaluate replication quality. 

Each ridge and channel was nominated in sequence from big to small, as 

indicated in Fig. 6.2. Figure 6.8 exhibits the profiles of ridges along and against 

the flow direction. Ridges against the flow direction present round edges and 

their profile has a tendency to incline with the flow direction. Ridges along the 

flow direction have sharp edges, especially for ridges of width greater than 1µm. 

Ridges smaller than 1µm width along the flow direction also exhibit greater 

replicated heights than those against the flow direction. This indicates that 

smaller features, especially nano scale features are more sensitive to the flow 

direction. On the other hand, channels that are aligned along the flow direction 

have a similar replication quality to those against the flow direction, as can be 

observed from Fig. 6.9 (a) and (b). 

     

  
(a) 

     

  
(b) 

Figure 6.8 Profiles of ridge features (black against grey background) for HDPE: 

(a) against flow direction (b) along flow direction. 
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 (a) 

     
(b) 

Figure 6.9 Profiles of channel features (seen as grey against black background) 

for HDPE: (a) against flow direction, (b) along flow direction. 

      The width, height, and aspect ratio of individual ridges are displayed in Fig 

6.10. The replicated height of ridges against the flow direction does not change 

too much from feature 1 to 3, as shown in Fig. 6.10 (a). The maximum aspect 

ratio is around 1.2, which is achieved by feature 6. For ridges along the flow 

direction, the replicated height is nearly constant when the width decreases from 

4.3 to 0.89 µm from ridge 1 to 5. The maximum aspect ratio is 1.86 for feature 

5. As shown in Fig. 6.10 (b), the replicated feature height gradually decreases 

with feature width.  It seems to be a critical width available for features both 

along and against the flow direction under which the replicated height will 

significantly decrease. The filling percentage of each feature is displayed in Fig. 

6.10 (c). It is clear that none of them are fully filled. The maximum filling we 

can achieve is around 90%. Similarly, as shown in Fig 6.11, channels along the 

flow direction have a slight better replication than those against the flow 

direction and the maximum aspect ratio was 2.8 with a maximum filling 

percentage of 99%. The depth of channels slowly decreases with channel width. 

The replication of channels has much less sensitivity to channel width and flow 

direction compared to ridges.  
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(a)                                                     (b) 

 

(c) 

Figure 6.10 Ridges replication quality: (a) height and aspect ratio, (b) height Vs 

width, (c) filling percentage.   

 

(a)                                                 (b) 
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(c) 

Figure 6.11 Channel replication quality: (a) height and aspect ratio, (b) depth 

Vs width, (c) filling percentage.   

       For features with the same geometrical dimensions, the sensitivity of 

replicated micro/nano features to the flow direction of the polymer melt could 

be explained by the phenomenon of air entrapment during the filling process. 

The relative position of a fountain flow front and micro/nano cavity is 

illustrated in Fig 6.12, where d and h are the depth and thickness of the micro 

cavity. Assuming that laminar flow is fully developed in the macro dumbbell 

cavity and the melt front is a semicircle of radius R, which is the half thickness 

of the cavity (~250µm), the area of patterns, as shown in Fig 6.7, is around 

200µm×200µm, which is totally covered by the fountain flow front. This means 

that the patterns on the BMG contact the molten polymer almost at the same 

time. Therefore, the pressure history for ridges along and against the flow 

direction is almost the same. Temperature distribution is also assumed to be 

constant on this small pattern region.  

 As shown in Fig. 9 (b), the gap δ between the fountain flow front and the edge 

of the micro cavity can be estimated by  

                                                                                          (6.2) 

Consider ridge 1 as an example: the corresponding length of cavity on the BMG 

insert along and against the flow direction is 50 µm and 4µm, respectively; the 

corresponding gaps are around 5 µm and 0.05 µm. Clearly most of the air in the 

2 2R R hδ = − −
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micro cavity that is aligned parallel to the flow direction can escape from the 

cavity during filling. On the other hand, a larger volume of air will be entrapped 

in the cavity that is aligned against the flow direction: this may prevent further 

filling of the micro cavity and also affect the profile of micro/nano ridges. In 

addition, when the melt front reaches the micro/nano feature region of the dog-

bone component, the back pressure of the entrapped air against the flow front is 

estimated to be 0.47MPa based on the ideal gas law, which is close to the input 

cavity pressure for micro/nano features before solidification, which might 

influence both feature filling distance and its profile. In addition, the profiles of 

features aligned against the flow direction tend to incline with the flow direction, 

which might be due to a macro flow field in the dog-bone component for an 

open type cavity flow (155). This physical explanation of the sensitivity of 

micro/nano features to the flow direction is consistent with simulations that 

have been made of micro scale features (98).    

 

(a)                                           (b) 

Figure 6.12 Schematic representation of advancing front and micro/nano cavity: 

(a) 3D view, (b) 2D view.    

      However, the replication quality of micro/nano channels is less sensitive to 

the flow direction. This can be explained by the fact that the ridges on the 

mould insert are located in a negative cavity which is bigger than the ridge itself 

and air could escape from side channels of the negative mould, when the feature 

is oriented against the flow direction as shown in Fig 6.1 (a). Another possible 

reason is that the filling spacing between ridges in the negative BMG mould 



 140 

cavity is 5 µm (c.f. Fig. 6.1 (c) and (d)), which is big enough to contain the air, 

making the effect from entrapped air insignificant. 

      In order to provide further insight into the influence of entrapped air on the 

filling of features, ridges with different lengths along and against the flow 

direction were replicated. As illustrated in Fig. 6.13 (a) and (b), features against 

the flow direction have similar percentages of filling; this is smaller than those 

along the flow direction when feature length decreases from 48 to 6µm. It is 

important to note that the percentage of filling decreases significantly to a 

minimum of 24% when the feature length decreases to 3µmm, when aligning 

along flow direction. The corresponding gap is 0.03 µm, as shown in Fig. 

6.14(c). This suggests that there is a critical gap δ,	  below which the filling of 

features will decrease significantly.  

6.2.3.3 Effect of materials 

When using Pebax 7033 SA01 as a moulding material, a significant difference 

was found for patterns filled along and against the flow direction, as discussed 

for HDPE in Section 6.2.3.2. It is seen from Fig. 6.14 (a), that the upper top 

surface of features wider than 3µm is concave, similar to the simulations in 

Tada’s work (98), which is mainly due to entrapped air. However, features 

against the flow direction show round profiles without any significant 

inclination along the flow direction, compared to HDPE. This is related to 

material process conditions and material properties. Since Pebax 7233SA01 has 

soft segment of PTMO and behaves as elastomer, elastic properties may 

influence formation of microfeatures, as evidenced by circular profile for 

features against the flow direction. Additionally, as discovered from 

morphology study in Chapter 7, creep deformation would also help filling.  
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(a)                                                 (b) 

 

(c) 

Figure 6.13 (a) SEM image, (b) filling percentage and height for features with 

different length, (c) filling percentage Vs. gap.  

 

(a) 
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(b) 

Figure 6.14 Profiles of ridge features for HDPE: (a) against flow direction (b) 

along flow direction. 

       Measurements shown in Fig. 6.15 indicate that features that are aligned 

along the flow direction have much better replication than features aligned 

against the flow direction. Feature replication along the flow direction reduces 

significantly when feature width is less than ~1.5µm. However, feature filling 

against the flow direction does not gradually reduce when the feature becomes 

narrow, without any critical dimensions. The critical dimension is tightly related 

to the surface to volume ratio, process conditions, and material properties, and 

to feature alignment.  

 

(a)                                         (b) 

Figure 6.15 Filling percentage and height for features with different length (a) 

and filling percentage vs. gap (b).  
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6.2.3.4 Effect of channel spacing   

Figure 6.16 displays the replicated channel with spacing of 1µm and 2µm. They 

are both oriented along the flow direction with the channel width and length 

being around 50µm and 1µm, respectively. It can be seen that the spacing does 

not have any significant influence on the replication of channels. 

   

(a)                                          (b) 

Figure 6.16 (a) Channels on HDPE, (b) filling percentage and depth. 

6.2.3.4 Effect of feature location  

Pattern (a) was milled at positions 1 and 2 along the flow direction, as shown in 

Fig. 6.7. The filling percentage of features at position 1 and remote at position 2 

displays a similar pattern, as indicated in Fig. 6.17 (a). The features at position 1 

are slightly higher than those at position 2. This could be explained by the 

entrance pressure drop and back pressure of entrapped air. As shown in Fig. 

6.17(b), the pressure at sensor1, which is nearer the gate, is greater than that at 

position 2, which is further from the gate. This greater pressure might allow for 

further filling for micro/nano features, according to Young’s analytical model 

(156) and Cao’s numerical model (157). Both models used cavity pressure as an 

input to describe the filling of polymer into micro features.  
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     (a)                                                      (b) 

Figure 6.17 (a) Filling percentage and height for features along and against 

flow direction, (b) cavity pressure for sensor1 and sensor2. 

6.2.3.5 Effect of substrate thickness 

Pattern (a) in Fig. 6.6 was also machined on dumbbell inserts with cavity 

thicknesses of 500µm and 400µm. Both sets of channels were moulded under 

the same process conditions. The filling percentage of features follows a similar 

pattern, i.e., gradually decreasing with feature width, as shown in Fig. 6.18, 

although features replicated on the 500µm dumbbell are filled slightly more 

than those on the 0.4mm part.  This could be because the cavity pressure of the 

500µm part is higher than that of the 400µm part, as indicated in Fig. 6.18 (b). 

The maximum pressure difference at peak pressure is around 10MPa, which 

might increase creep deformation of micro/nano features. 

6.2.4 Process-replication 

6.2.4.1 Relationship between machine process parameters and process 

characteristic values  

In the present work, efforts were made to control the replication quality of the 

micro/nano features by in-line monitoring of the cavity pressure and 

temperature. Figure 6.19 displays the trace curve of injection pressure, cavity 

pressure, and temperature within 1.0s of a production cycle. Peak cavity 

pressure and peak material contact temperature were selected as process 
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characteristic values to represent the actual cavity pressure and temperature 

history during the injection moulding process.  

 

(a)                                           (b) 

Figure 6.18 Filling percentage and height for features along and against flow 

direction (a), and cavity pressure of sensor1 for 500µm and 400µm dog-bone 

components (b). 

      Statistical analysis was used to elucidate the effect of machine parameters 

on peak cavity pressure of sensor1 and sensor2 (P1,max, P2,max), and peak 

material contact temperature of sensor1 and sensor 2 (T1,max, T2,max). The PT 

sensor nearest the gate was named as sensor 1 and the one furthest from the gate 

as sensor 2, as illustrated in Fig. 3.2 (f). As shown in Fig. 6.20, holding pressure 

has the most significant effect on peak cavity pressure. Both barrel temperature 

and mould temperature have a positive effect on peak cavity pressure, which 

can be explained by the P-v-T behaviour of material. Mould temperature has the 

predominant effect on the material contact temperature. The interactions of 

machine parameters are insignificant. 
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Figure 6.19 Profile of injection pressure, cavity pressure and temperature 

within1.0s.      

 

Figure 6.20 Effect of machine parameters on peak injection pressure, cavity 

pressure and material contact temperature (Parameters A=Vi, B=Ph, C=th, D=Tb, 

E=Tm (c.f. Table 3.1)). 

6.2.4.2 Relationship between process characteristic values and replication 

qualities 

The mean height of ridge 3, as shown in Fig. 6.1, was selected to indicate the 

quality of replication under different process conditions. The measured height 

with different process conditions is shown in Fig. 6.21. It can be seen that the 

ridge height presents a significant response to machine parameters. Furthermore, 

features with a lower mean height show relatively high standard deviation; this 
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might be due to process variations and insufficient precision of the optical 

measuring system. 

        The trend of replicated height with peak cavity pressure and temperature is 

also displayed in Fig. 6.22. It is obvious that the height presents a positive 

response to both cavity pressure and temperature. Also, the variation of height 

is determined by both the pressure and temperature together. For example, 

when the cavity pressure is higher and the cavity temperature is lower for case 3, 

in which they are both of positive slopes, the response of the feature height is 

also of positive slope. The same trend can be seen for case 6, in which cavity 

pressure is lower and temperature is higher, but they are both of positive slopes; 

the net result is that the feature height increases for positive slope. The 

difference between case 3 and case 6 is that height is lower for case 3 than for 

case 6 due to the higher pressure and lower temperature. This indicates that 

temperature has a more significant effect on replicated height than pressure. The 

same observation can also be found in other cases.  

        Figure 6.21 exhibits the statistical distribution of the height of ridge 3 with 

peak cavity temperature and peak cavity pressure as monitored by sensor1. It 

can be seen that the best distribution zone is within the temperature range of 

77~95ºC and 65~110MPa in pressure. Increasing both cavity temperature and 

cavity pressure within a certain range can enhance the filling of features. For 

example, when the peak cavity temperature is 85ºC, the feature height increases 

with peak cavity pressure when pressure is less than 75MPa. Similarly, further 

filling of features can be achieved when peak temperature is lower than 78ºC at 

a fixed peak cavity pressure 75MPa. This illustrates that continuing to increase 

cavity pressure and temperature beyond a certain value will not give further 

filling for micro and nano features. Therefore, we can improve feature 

replication quality by controlling cavity pressure and temperature with machine 

parameters and other accessory equipment, such variotherm mould heating 

systems.   
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(a)                                                        (b) 

Figure 6.21 (a) Peak cavity pressure and height for under different process 

conditions (c.f. Table 3.1), (b) Peak material temperature and height under 

different process conditions. 

 

Figure 6.22 Height distribution with cavity temperature and pressure. 

 6.2.4.2 Relationship between machine process parameters and feature 

replication 

Statistical analysis shown in Fig. 6.23 illustrates the influence of machine 

parameter settings on the replication height of ridge3. It is clear that holding 

pressure and mould temperature have the most significant effect on the height 

of ridge3.  
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Figure 6. 23 Effect of machine parameters on replicated height of feature 3 

(Parameters A=Vi, B=Ph, C=th, D=Tb, E=Tm (c.f. Table 3.1)). 

      The filling depth of micro/nano features, as shown in Fig. 6.12 (b), can be 

estimated by a simple pressure driven flow model,  

                                                                      (6.3) 

where d is filling depth, P is pressure at entrance of micro/nano cavity, h is 

feature wall thickness, tf  is the filling time, Pcapillary is capillary pressure induced 

by surface tension, Pair is entrapped air pressure inside of cavity, η is average 

viscosity.  

       Capillary pressure induced by surface tension (158) can be calculated by   

                                                                                       (6.4) 

where channel length l >> h, γ is the surface tension of polymer melts, which is 

around 25mN/m (159) for HDPE, θ is a dynamic contact angle between 

polymer melts and mould. The pressure of entrapped air can be estimated by 

ideal gas law in an adiabatic process (160),  

                                                                                               (6.5)   
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where P1, V1 are initial state values and Pair, V2 are current state values, y is a 

constant which is 7/5 for a diatomic gas such as nitrogen and oxygen. In the 

present case, the initial volume is assumed to be the dog-bone component 

V1=25.34mm3 and the initial pressure is assumed to be ambient pressure 

P1=0.101MPa. V2 is approximated by the rest of the volume when the melt front 

strikes sensor 2, which is around 8.34mm3. The air pressure is estimated as 

0.47MPa. Figure 6.24 displays the input pressure in the region of the 

micro/nano features, which is approximated both by the pressure of sensor 2, air 

pressure and capillary pressure. It can be seen that the entrapped air pressure 

has a significant effect on input pressure during 15ms when the polymer melt 

contacts the micro/nano regions. Capillary pressure has no effect on input 

pressure. However, when feature thickness is of nanometer scales, capillary 

pressure will reach the same order of magnitude of cavity pressure and 

entrapped air pressure, as shown in Fig. 6.25.  

 

Figure 6.24 Input pressure during micro/nano feature filling process.  
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Figure 6.25 Capillary force vs. micro cavity thickness for HDPE.  

       The filling time for a micro/nano feature can be estimated based on one-

dimensional heat conduction (116, 161),  

                                                                             (6.6) 

where α is the thermal diffusivity of polymer and Ti is melt temperature, Tw is 

the cavity wall temperature and Ts is solidification temperature. Figure 6.26 

plots the solidification time verse wall thickness and temperature of micro 

features for HDPE part, in which α=1.57X10-7m2/s, Ti = 160°C and Ts = 130°C.  

It can be seen that cavity surface temperature has a prominent effect on the 

filling time of micro/nano features. The increase of mould temperature could 

remarkably elevate the cavity wall temperature, which will extend micro cavity 

filling time. For features with cavity thickness of 4µm, the estimated filling 

time is around 3µs when the mould wall temperature was 83°C, as suggested in 

Fig. 6.26 (b).    
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(a)                                                                (b) 

Figure 6.26 Estimated solidification time: (a) time vs. feature thickness and 

mould wall temperature, (b) time vs. wall thickness at cavity wall temperature 

Tw =83°C.  

      In addition, creep deformation of the frozen layer could also help the 

replication of channels after solidification. According to Yoshii’s  transcription 

model (134), the deformation of the frozen layer during post filling of 

micro/nano features can be estimated by a simple beam bending model,  

                                                                                                      (6.7) 

where P is cavity pressure, h is feature wall thickness, E is modulus of elasticity 

of HDPE at cavity wall temperature, H is thickness of frozen layer. It is known 

that the modulus E of HDPE gradually decreases with temperature. Based on a 

two phase Stefan problem and approximation of Lambda (162, 163), the frozen 

thickness of HDPE during the moulding process can be estimated and is shown 

in Fig. 6.27. It is clear that the thickness of the frozen layer will reduce with 

elevated mould temperature and will logarithmically increase with time. For a 

feature with fixed geometries, the bending flexibility is proportional to cavity 

pressure and to the minus one third power of the thickness of the frozen layer. 

Therefore, increasing cavity pressure as soon as possible during post filling of 

micro/nano features could help to further improve the replication of features, 

which is evidenced in Chapter 7 by morphology of 100µm feature.  
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      Therefore, the replication of micro/nano features is closely related to the 

thermal mechanical history of polymer during the injection moulding process. 

In chapter 4, it was found that both injection velocity and holding pressure have 

a significant effect on the average cavity pressure and average cavity filling 

velocity during the filling process of a dog-bone component, because of the 

earlier transition from velocity control in the injection stage to pressure control 

in the holding stage. This will increase the cavity pressure and decrease the melt 

viscosity. However, statistical analysis suggests that injection velocity has no 

significant effect on micro/nano feature filling. This suggests that creep 

deformation may play a more important role in the filling of micro/nano 

features.    

 

Figure 6.27 Estimated frozen layer thickness Vs time and mould wall 

temperature.  

6.3 Wear of bulk metallic glass material during 

moulding process 

The BMG mould insert was examined by SEM after around 10,000 and 20,000 

moulding cycles in order to inspect any surface wear and the integrity of 

micro/nano scale features. Generally, many studies has been carried out to 

explore the sliding and wear behaviour of amorphous alloys, which have been 

summarized in an excellent review by Greer et al (164). Wear of BMG was also 

found in the present study when using BMG as a micro/nano feature insert. 

When we compare the surface conditions of the BMG tool before use (c.f. Fig. 
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6.1) and after around 10,000 cycles (c.f. Fig. 6. 28), we can find a number of 

new scratches on the surface, excluding the machining marks. Comparing Fig 

6.1 (d) and Fig 6.28 (b), the micro/nano features actually retain their shape 

without any significant cracking, except for some local contamination. In order 

to remove these impurities, acetone was used to clean the surface of the BMG 

insert in an ultrasonic bath; this could have led to some pitting defects.  

However, after around 20,000 cycles, the features cracked. The remaining 

features appear to be aligned with the flow direction of the polymer melt. In 

addition, the relatively smaller features retain less of their volume than do the 

bigger features. From the perspective of flat surfaces, we can observe relatively 

deeper scratches after 20,000 cycles, as shown in Fig 6.28 (c) and (d). These 

could have been caused either by accidentally breaking the moulded parts 

during the de-moulding process in several materials experiments, such as COC 

or wear of BMG during such many cycles. The roughness of the BMG insert, as 

shown in Fig. 6.29, increases by 5.6%, 5%, 3.9%, and 3.9% respectively for Ra, 

Rq, Rz and Rt.  

       It is well known that injection moulding is a repeating process. The high 

temperature polymer melt is injected into the mould and solidifies to form a part. 

The mould materials will experience fluctuations ranging from high 

temperature (melt temperature) to relatively low temperature (mould 

temperature) during the moulding process. For the present micro injection 

moulding experiment, due to the high surface to volume ratio for both micro 

dog-bone components and micro/nano features, high injection speeds and 

pressures were exerted on polymer melt in the cavity. As a result, the BMG 

endured higher shear stresses and temperatures than in conventional injection 

moulding. In addition, various other plastics, including PP, POM, COC, PMMA, 

PC, Pebax, etc, were used as moulding materials during trials and other 

experiments, which would have provided different electrochemical 

environments at diverse pressures and temperatures, in which the maximum 

temperature reached 300°C. Although the working temperature of BMG is 

higher than room temperature and can even reach 300°C when processing some 
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plastic materials (e.g., polycarbonate), it was still below the Tg (glass transition 

temperature) of the present BMG (Tg=435°C). Therefore, the BMG would have 

experienced an annealing process for every moulding cycle. This associated 

annealing could have induced structural relaxation and, in turn, embrittlement 

of the BMG(23). This would serve to decrease the material’s wear resistance, 

especially under abrasive conditions, although this point is still controversial 

(164).  

       Fatigue of BMG could be the main reason for the observed wear and 

cracking of the micro/nano features of BMG. Structural components are 

frequently subjected to repeated or cyclic loading. The resulting cyclic stresses, 

which may be far below the ultimate tensile strength of materials, can result in a 

microscopic physical damage to the material. The microscopic damage can 

accumulate with continued cyclic loading until it develops into a crack that 

could lead to catastrophic failure. This process of damage and failure due to 

cyclic loading is fatigue (165). High temperature and repeated annealing could 

be possible reasons that would enhance this process. For micro/nano features, 

FIB irradiation can induce a change in density and may introduce a 

nanocrystalline structure, depending on the irradiation conditions (166-168). 

However, the dimensions of such a formed nanocrystalline structure would be 

around 10nm (167, 168); this would not improve the wear resistance of the 

BMG because the crystal size is too small to support normal loads (164). In 

addition, the size effect may be taken into account when considering the fatigue 

behaviour of micro/nano features.  
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(a)                                         (b) 

 

(c)                                        (d) 

Figure 6.28 Micro/nano scale feature on BMG insert: (a) plan view after 

around 10000 cycles (b) ridges after around 10000 cycles (c) plan view after 

more than 20000 cycles (d) ridges after more than 20000 cycles.  

 
Figure 6.29 Surface roughness of BMG insert before use and after around 

20000 cycles. 
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6.4 Summary 

In this study, micro/nano scale ridges, channels, and nanostructured surfaces 

were well replicated with the micro injection moulding process by using a BMG 

insert. The minimum feature that could be replicated was around 150nm and the 

micro/nano ridges and channels that were successfully replicated ranged from 

4µm to 300nm, with the maximum aspect ratio being 2.8. The experiments 

reveal that the quality of micro/nano features is very sensitive to the flow 

direction. The ridges that are oriented against the flow direction have round 

edges and their profiles are inclined with the flow direction. On the other hand, 

ridges that are aligned along the flow direction have sharp edges and better 

replicated heights. Channels exhibit fewer significant differences than ridges. 

The sensitivity of feature replication to the flow direction can possibly be 

explained by a proposed entrapped air model. In addition, the filling of features 

decreases with their width, especially for sub-micron features. Consequently, 

carefully designing features and having regard to their configurations are of 

great importance for replication.  

       According to the in-line measurement of real cavity pressure and 

temperature and the statistical analysis on machine parameters, real process 

conditions and replicated quality, it can be seen that the holding pressure, melt 

temperature and moulding temperature have a positive effect on cavity pressure 

and temperature; the filling of micro features can be improved by increasing 

cavity pressure and temperature within a certain range; high holding pressure 

and high temperature can help with filling of micro/nano features. Consequently, 

based on the proposed simple pressure driven flow model and beam bending 

model, it can be concluded that the thermomechanical history that polymer 

experiences during both melt filling and frozen layer creep deformation of post-

filling will determine the forming of micro/nano features. Statistical analysis 

indicates that the creep deformation may play a more important role in forming 

micro/nano features. 



 158 

       The loss of features on the BMG insert was analysed simply by observing 

the surface condition of the insert after around 10,000 moulding cycles and 

more than 20,000 cycles. The results indicate that BMG can preserve the 

integrity of features for around 10,000 moulding cycles, but the integrity can be 

destroyed after more than 20,000 cycles. This fatigue behaviour of micro/nano 

features of a BMG tool under high temperature and repeated annealing merits 

further investigation.  
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Chapter 7  

Morphology development and its 

effect on properties of micro 

components and micro features 

7.1 Introduction 

7.1.1 Poly (ether-block-amide) 

Thermoplastic elastomers are virtually cross-linked polymers with that can be 

reprocessed, unlike covalent cross-linked conventional rubbers (107, 119, 169, 

170). Such thermoplastic elastomers are composed of soft and hard segments, 

linked together by covalent bonds. The soft segments can be an amorphous or a 

semi-crystalline polymer that exhibits elastomeric properties at service 

temperature, while the hard segment component consists of crystallisable 

material. Due to the repulsive interaction or the thermodynamic incompatibility 

between the two constituent segments, phase separation occurs at a local scale, 

which is called “microphase separation” (107, 170).  

       Pebax is a typical commercial segmented block thermoplastic elastomer. 

The hard segments consist of polyamide 12 (PA12) and the soft segments are 

polytetramethylene oxide (PTMO) (107). At room temperature, PA12 stays in a 

semi-crystalline state and its crystals act as virtual cross-links, ensuring the 

cohesion of the material, while the soft block of PTMO is flexible as its glass 

transition temperature is well below the room temperature. Medical grade 

Pebax is widely used in interventional medical devices, such as angiography, 

angioplasty, and urology catheters, due to its wide range of physical and 

mechanical properties that can be modified by varying the monomer block 
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types and ratios (170, 171). Some typical micro components made by Pebax, 

such as catheter sheaths and catheter tips, have dimensions in the micrometer 

scale (172). 

      As a segmented block copolymer, microphase separation inevitably occurs 

for Pebax. With such microphase morphology, the morphology of poly (ether-

block-amide) thermoplastic elastomers plays an important role in determining 

the final properties of the material and depends on many factors including not 

only the chemical composition but also the thermo-mechanical history of the 

sample. Its characterization is challenging because these multiphase systems are 

complicated by a crystallization phenomenon possibly inside the polyamide and 

polyether phases, together with some interphase mixing (173). The morphology 

development of poly(ether-block-amide) has been characterized using small and 

wide angle X-ray scattering (SAXS/WAXS) (107, 119, 171, 174), Atomic force 

microscopy (AFM) (107, 174-178), Scanning Electron Microscope (SEM)(175) 

and small angle light scattering (SALS) (107), Differential Scanning 

Calorimeter (DSC) (107, 119, 171, 179), Rheometry (177), DMTA (107) and 

mechanical testing (107, 170, 174) etc. Sauer et al.(174). used AFM to detect 

the morphology change when stretching Pebax 3533 thin films. The crystal 

orientation was observed with stretch ratios of 1.5, 1.8, and 2.3. Between stretch 

ratios of 1.5 and 2, original lamellae were progressively broken up, and by 3.2, 

all lamellae independent of the initial orientation were broken into smaller 

crystals with low aspect ratios. Song et al. (170) used microscopic infrared 

dichroism to simultaneously measure mesoscale deformation, and macroscopic 

stress during uniaxial stretching for Pebax 3533, 4033, 5533 and 6333 thin 

films. They found that before the onset of microstructural alterations, 

poly(tetramethylene oxide) (PTMO) blocks in soft domains undergo an affine 

deformation; beyond a threshold strain at which PTMO blocks in the soft 

network are fully extended, plastic deformation occurs in the hard domain 

composed of polyamide (PA12). PTMO blocks orientated along the draw axis is 

predominantly observed for the sample with the lowest PA fraction, followed 

by rotational orientation of the lamellar and the fibrillar forms with their long 
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axes toward to the draw direction and then by the plastic deformation leading to 

fibrillation at high strains. Sheth et al. investigated the solid state structure-

property of Pebax (107). Compression moulded films with Pebax 2533, 3533, 

4033, 6333 and 7033 were examined with DMA, DSC, WAXS, SAXS, AFM, 

SALS and stress–strain response. It was found that all samples exhibited 

microphase separated morphology over a broad temperature range. Various 

crystals of PA12 were observed in both melt and solution cast films, although 

the crystalline structure varied with PA content and even diminished for high 

contents of PE soft segment. The morphology of both the crystalline and the 

amorphous phase appears to be dependent upon the PA content of the sample. A 

recent study by Armstrong et al. (119) focused on effect of various Pebax 

grades from 2533 to 7233 and uniaxial orientation on gas permeability of 

extruded thin films.  

        Most available studies on Pebax have focused on the effect of chemical 

composition on their morphology and related properties by using thin films 

without considering the process that the materials would have experienced 

during manufacturing. Tavernier et al. (171) studied the quiescent and flow-

induced crystallization of Pebax 7033 and PA12. 7033, containing 88 wt% of 

PA12 and very low molar mass PTMG segments and demonstrated a 

crystallization behaviour very similar to that of its homopolymer equivalent 

PA12. When applying flow, PA12 had a significant increase in nucleation 

density. On the contrary, 7033 had no significant variation in nucleation density, 

possibly due to the presence of a large amount of heterogeneous nucleation sites. 

In addition, the reported crystalline kinetic studies are all carried out under 

well-defined conditions. Work on process-morphology-properties of Pebax 

products in the real manufacture process, especially injection moulding, is still 

rare.  

7.1.2 Flow induced crystallization and micro injection moulding 

We reviewed flow induced crystallization in Section 2.5.2 in chapter 2 with an 

emphasis on the “short term shear protocol”. “Short term shear protocol” can be 
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explained in Fig. 7.1 (a). Polymer melt is firstly filled into a cavity over its 

equivalent melting temperature (Tmo) to erase its thermo-mechanical history and 

is then cooled to a target crystalline temperature after molecular relaxation. A 

shear pulse is applied for a period of time afterwards, following quiescent 

crystallization. The morphology of parts under such protocol showed several 

distinct layers of “skin-core” morphology. The skin layer is composed of 

oriented structures, following by an oriented “fine-grained” layer and an 

isotropic spherulitic core. Such morphology is quiet similar to what is 

developed in the injection moulding process.  

      Injection moulding actually is a short shear process. As shown in Fig.7.1 (b), 

shear pulse in injection moulding process is controlled by injection velocity. In 

order to understand the effect of process on the final morphology of micro 

moulded parts, we compared the injection moulding process to this short-term 

shear protocol to determine the parameters which influence the microstructure 

formation. However, it should be borne in mind that injection moulding 

involves flow, heat transfer, and solidification. In contrast to a short-term shear 

protocol, the interface between polymeric melt and solid is changing during the 

filling of polymer into a cold cavity; the temperature of the melt varies with 

time and the associated nuclei relaxation also alters; thermo-mechanical 

histories from previous process (plasticization, filling of sprue, runner and gate) 

are not erased and the variation of thermo-mechanical environment along the 

flow and traverse direction gives rise to intrinsic heterogeneous microstructures 

(180); shear stress in the injection moulding process can reach 0.6MPa, which is 

one order of magnitude higher, and filling time is tens of milliseconds, which is 

at least 3 order of magnitudes shorter. Micro injection moulding is recognized 

as an extreme version of conventional injection moulding. It is associated with 

extremely high shear rates (104~1071/s) and high thermal gradients. As a 

consequence, moulded articles feature a gradual and hierarchical variation of 

morphology that evolves throughout the spatial domain of the part (130). 

Oriented structures in injection moulded samples have been found for many 
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years, however, any quantitative interpretation of structure formation is still too 

complex, due to the interaction of cooling conditions and flow (181). 

       In addition, considering radial flow at entrance of gate and the effect of a 

large clamping ridge at both clamping ends on flow condition, as shown in Fig 

3.2 (a), flow between sensor 1 and sensor 2 can be recognized as slit flow with 

corresponding shear time Δt1, as shown in Fig. 5.2 and in Fig. 7.2 (a). For all 

conditions, the parameters of plasticization were kept constant. Melt 

temperature injected into the cavity was ~210oC, which was higher than its 

melting temperature 174oC. Injection velocity was a controlled variable to apply 

a certain shear stress. Because the volume of the cavity was constant, a high 

velocity corresponded to a short shear time.   

 

(a)                                               (b) 

Figure 7.1 Short-term shear protocol (a) and injection moulding process (b). 

7.1.3 Summary  

This chapter attempts to evaluate the effects of a real micro injection moulding 

process on crystallization and final properties of thermoplastics. We will focus 

on morphology development and mechanical properties of Poly(ether-block-

amide), because of its wide application in medical devices. HDPE will be used 

for comparison purposes. The morphology will be characterized with PLM, 

SEM, TEM, AFM and DSC, as introduced in Chapter 3. Morphology under 
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micro injection moulding process was studied by comparing with “short-term 

shear” protocol combining non-isothermal flow conditions. We tried to validate 

that the thresholds proposed in “short-term shear protocol” under high stress, 

fast injection, and non-isothermal real moulding process. Finally, the 

morphology of micro parts was finally correlated to mechanical properties, 

which differs much from conventional parts. 

 

(a)                                                  (b) 

Figure 7.2 Typical recorded trace curves: (a) cavity pressure, injection pressure 

and screw position, (b) mould material interface temperature. 

7.2 Morphology observations 

Polarized light microscopy and SEM showed that all the samples moulded by 

the micro injection moulding process present typical “skin-core” morphology, 

as shown in Fig. 7.3. When observed with transmission, reflection, and SEM, 

Pebax exhibited multi-layer morphology; the “skin-core” morphology was in 

fact made up of four distinct layers: skin, fine-grained, oblate and core layer, as 

shown in Fig. 7.4.   
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(a)                                                      (b) 

Figure 7.3 Two typical “skin-core” morphologies of Pebax 7233SA01. 

       

(a)                                                      (b) 

                         

(c)                                                     (d) 

Figure 7.4 Morphological layers of Pebax 7233 SA01: (a) and (b) PLM; (c) and 

(d) SEM.                   

      The skin layer is composed of a thin fast solidification layer and a shear 

layer, as defined by Tan and Kamal for polyethylene (182). The fast solidified 
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layer, around 8µm, is characterized as having no visible structure, appearing as 

a bright interference colour due to birefringence (82). For a certain polymer 

material, possible point nuclei or thread-like nuclei can be created during shear 

deformation during plasticization, and flowing though the sprue, runner, and 

gate. These nuclei do not relax even when material temperature is above its 

melting temperature. They can even survive over a time scale that is much 

longer than melt relaxation time (183, 184). Polymer melts are firstly sheared 

and then stretched perpendicular to the flow direction in the so called “fountain 

flow” condition (185). After being transported into a cold cavity, the pre-

oriented molecules are frozen immediately upon contacting the cold mould wall 

to form this thin solidified layer. However, no crystalline entities are visible 

under a polarised light microscope, because of the reduced size of 

transcrystalline structure and/or heterogeneous nucleation of crystalline entities, 

as a result of high thermal gradients and possible high shear promoted 

nucleation (102). Formation of such a rapid solidified layer works as a heat 

insulator but, on the other hand, reduces cavity cross-section, leading to an 

increase of shear stresses and a decrease of shear rates (102). The layer 

underneath the skin is a shear layer (~40µm), which has been evidenced for  

neat Nylon (186). Point nuclei either created by shear flow or originated from 

pre-thermo-mechanical deformation can grow into a thread-like precursor, 

when shear stress exceeds a critical shear stress (89). Thread-like nuclei grow to 

be highly oriented lamellae and produce an oriented shear layer. A clear 

boundary is observed between the shear layer and its adjacent fine-grained layer. 

Figure 7.5 shows the cross-section morphology of a sample along and 

transverse to the flow direction. They both present similar skin core 

morphology. The skin layer is recognized to be formed in filling stage and its 

thickness is varying with process conditions (182, 187).  
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                 (a)                                                     (b) 

Figure 7.5 Layered microstructure distribution: (a) transverse cross-section (A 

cut), (b) cross-section along flow direction (B cut).  

       The fine-grained layer is grown from a large amount of point nuclei created 

by shear flow. High thermal gradients promote number of nuclei and 

consequently limit the size of the spherulites by restrain crystal growth. Many 

visible fine spherulites are observed both by optical microscopy and SEM, as 

shown in Fig. 7.4 and 7.5. The size of spherulites increases when approaching 

the adjacent oblate layer. The boundary between the fine-grained layer and the 

oblate spherulite layer is not as clear as the boundary between the skin and the 

fine-grained layer, as displayed in Fig. 7.4 and 7.5.        

       The oblate layer is composed of transition spherulites from the fine-grained 

layer to the large spherulitic core layer. It is formed under the preference of 

nucleation rates and growth rate, and is affected by thermal gradient (187). 

Cooling rate and shear stress of polymer melts next to the fine-grained layer are 

greater than close to the core layer. As a result, the nucleation rate next to the 

fine-grained layer is higher than that close to the core region. This leads to 

denser spherulites being next to the fine-grained layer. At the same time, the 

interior side of a spherulite near the core layer has a higher temperature and can 

grow to be larger size than at the external side next to the fine spherulites.   

       The core layer contains randomly large spherulites formed under quiescent-

like conditions from point nuclei, which is clearly seen in Fig. 7.4 (b) and (d). 

The cross-section of a spherulite in the core looks like a polygon and grows in 

all direction until impingement stops growth (182). The size of Pebax 
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spherulites is around 10µm. It is interesting to find that a core layer contains no 

spherulitic crystals, as shown in Fig. 7.3 (b), which has not been found for 

injection moulded samples made by Pebax. The formation process will be 

discussed in Section 7.3.  

        A 10µm thin slice sample microtomed (B cut) from a moulded part was 

imaged under by AFM under tapping mode. Stacked layer-like structures are 

visible aligned along the flow direction. The fine-grained layer below it has 

many small spherulite crystals with diameter ~750nm. A 1-2µm transition 

exists between skin to fine-grained layer. Oblate structure seems aligned along 

thickness direction. Larger spherulite crystals are found at core layer with 

similar dimension measured from SEM and optical image, which is similar to 

Pebax 7033 film samples, except for well grew structure (107). Under tapping 

mode, a high phase angle region corresponding to stiffer region is white. For 

Poly(ether block amide), PTMO phase behaves as a soft rubber at the ambient 

temperature, corresponding to low phase angle region in AFM phase image. 

High phase angle region is actually complicated, and it could be crystalline PA 

or glassy PA.   

     

(a)                                    (b)                                   (c) 

Figure 7.6 Tapping mode AFM phase images of microtomed sliced, revealing 

surface of skin to core micro moulded Pebax 7233 part (Note: skin to core is 

oriented from left to right): (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) 

(Note: skin to core is oriented from left to right).  
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7.3 Process-morphology 

7.3.1 Polarized light microscope 

Two level half factorial designs (23-1) were carried out to correlate the effect of 

process conditions on morphology development and mechanical properties, as 

shown in Table 7.1. The single factorial design was followed to intuitively 

elaborate process induced crystallization of Pebax 7233SA01.  

Table 7. 1 Experimental design 

Run order Vi [mm/s] Ph [MPa] Tm [oC] 

1 250 70 100 

2 250 70 100 

3 250 50 60 

4 100 70 60 

5 250 50 60 

6 100 50 100 

7 100 50 100 

8 100 70 60 

       The morphology of transverse cross-sections of parts under different 

process conditions is shown in Fig. 7.7. It is apparent that the thickness of the 

skin, fine-grained and oblate layers varies with process conditions. Large 

spherulites occupy the central region for parts in cases 1, 2, 6, and 7. The absent 

of any visible structure shows up in the central region of cases 3, 4, 5, and 8. It 

is worth noting that some transcrystalline regions are present between skin layer 

and central region for case 4.    
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Figure 7.7 Variation of different morphology layers under various process 

conditions.  

        The average thickness of the different layers at the upper edge and the 

lower edge are displayed in Fig. 7.8 (a). Cases 1 and 2 have the minimum skin 

layer of ~25µm. Instead, cases 4 and 8 have the maximum skin layer of ~65µm. 

Cases 3, 5 and 6, 7 have a similar medium thickness of skin layer from 36~43 

µm. Statistical analysis in Fig. 7.8 (b) implies that the skin layer is significantly 

influenced by the injection velocity and mould temperature. This means skin 

layer is formed during the filling stage, as reported for POM (76, 187). Wall 

shear stress for cases 1 and 2 is ~0.6MPa, which is lower than cases 4 and 8 

with shear stress ~0.64MPa. In contrast to the isotactic PP in the “short shear 

protocol”, shear stress in a real micro injection process is one order of 

magnitude higher. Cavity filling time is tens of milliseconds, which is at least 

three orders of magnitudes less than the shear time in seconds in the “short 

shear protocol” (188). Experiments by Janeschitz-Kriegl et al. (83) indicated 

that nucleation rate is controlled by    γ
4ts

2 (product of the fourth order of the 

shear rate and second order of shear time). Recently, they stated that “a 

deformation lasting for a longer time at a lower stress can produce similar 

precursors as a deformation lasting for a shorter time at a higher stress, if the 

total work remains the same (77).” 
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(a)                                          (b) 

Figure 7.8 Morphology variation under different process condition: (a) 

thickness and (b) statistical analysis.  

       In real micro moulding process, as shear rates is three orders of magnitude 

higher than the “short shear protocol”, although the shear time is three orders of 

magnitude less, it could possibly lead to more precursors and promote 

crystallization. It is also noticed that cases 4 and 8 have lower shear rates 

~1041/s. Instead, shear rates of case 1 and 2 (~2.7×104) are even 3 times higher 

than cases 4 and 8, as shown in Fig 7.9. High rate filling gives less time to 

create nuclei and crystallize. Additionally, thermal induced nucleation can also 

play an important role. Although cases 4 and 8 have lower shear rate, filling 

time is longer and more heat is lost during filling, create thicker skin layer.  

 

(a) 
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(b) 

Figure 7.9 Variation of process parameters: (a) rheology data, (b) rheology 

statistics (A-injection velocity, B-holding pressure, and C-mould temperature). 

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

with thickness from 6~13 µm. They are absent for case 3, 4, 5, 8, which will be 

discussed later in this chapter. The core region has a thickness of 260~325µm. 

Case 3 has the maximum core layer while case 6 has the minimum core layer, 

as shown in Fig 7.8 (a). Fine grained layer are all influenced by injection 

velocity, holding pressure and mould temperature, in which mould temperature 

is the most significant factor, as indicated by statistical analysis in Fig. 7.8 (b). 

Jerschow et al. described the fine-grained layer as small spherulites without any 

orientation under polarized light microscope, which is formed with lower shear 

rates far away from the mould wall (82). Once shear stress is less than the 

critical shear stress, point nuclei would not grow to be thread-like nuclei, but 

grow to be spherulitic crystals. It was reported by Schrauwen et al. (189) that 

“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. From statistical analysis, injection velocity and holding 

pressure have a similar significant effect influencing the fine-grained layer, 

while holding pressure has a negligible effect on the skin layer. It indicates that 

nucleation of the fine-grained layer happens during the filling stage and grows 

into small spherulites during the holding stage, while skin layer is mainly 
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formed during the filling stage. Mould temperature has the most significant 

positive effect on the fine-grained layer. It indicates that the fine-grained layer, 

similar to the skin layer, is tightly related to cooling rate.  

       The oblate layer is only determined by mould temperature. This indicates 

that this layer forms during cooling stage and thermal gradient are only issue for 

its nucleation and growth.      

       The core layer is also determined by mould temperature. This means core 

layer formed in cooling stage as well.  It is important to notice that we observed 

special “spherulite free” morphologies in cases 3, 4, 5 and 8, as shown in 

Fig.7.7, compared to the more typical spherulitic core morphology of case 1, 2, 

6 and 7 and conventional injection moulding. Some core-free morphology has 

been found for micro moulded parts for several plastics, such as POM and 

HDPE. However, the central region is occupied by oblate spherulite structures 

for micro parts moulded in POM (187). For HDPE, the central region contains 

many small crystals similar to that in the shear zone for a macro part (94). For 

Pebax, microscopic observation reveals no perceptible structures in the central 

region. Under crossed polarized light, however, this region is white, indicating 

that many small structures are actually formed. Additionally, crystallinity 

measured by DSC does not change much for cases with “spherulite free” core, 

as shown in Table 7.2. Statistical analysis confirms that all the process 

parameters have no significant effect on crystallinity, as shown in Fig. 7.10. 

Moreover, crystallinity is slightly higher for cases 3 and 5 than cases 4 and 8. 

This indicates that a core without large spherulites is composed of many small 

crystals which cannot be detected by polarised light microscopy.     
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Figure 7. 10 Statistical analysis of crystallinity at various process conditions.  

Table 7.2 Summary of data generated from DSC. 

Sample Tg 
(°C) 

Tm,onset 

(°C) 
Tm 

(°C) 
ΔHPA12 

(J/g) 
ΔHc,PA12 

(J/g) 
Crystallinity 

(%) Tc (°C) 

1 46.68 168.58 171.38 40.24 5.43 16.3 141.50 
2 47.88 168.81 171.53 45.64 4.17 18.6 141.45 

3 49.83 166.48 170.91 44.272 2.03 18.0 142.14 

4 49.95 167.40 170.39 37.96 2.01 15.4 141.34 
5 49.66 166.83 170.92 44.808 1.15 18.2 140.54 

6 48.86 167.74 170.88 43.264 5.18 17.6 141.22 

7 50.17 162.62 171.26 46.864 4.17 19.1 141.35 

8 50.55 166.24 170.91 38.664 1.54 15.7 141.49 

      This study also suggests the hypothesis of high thermal gradient that causes 

fast nucleation and formation of such tiny structures. When referring to the 

process conditions in Table 7.1, cases 3,  4,  5 and 8 correspond to low level 

mould temperature (60oC), while cases 1,  2, 6 and 7 correspond to high level 

mould temperature (100oC). Formation of a spherulitic core has to reach 

crystalline temperature and needs sufficient induction time. The high degree of 

super cooling at lower mould temperature leads to fast solidification. Point 

nuclei do not have sufficient time to grow to be large spherulites. In addition, a 

high cooling rate could also enable a high nucleation rate, which could increase 
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the number of small crystals and reduce free volume to form large crystals. This 

phenomenon has been found for slow crystallizing polymers, such as PEEK 

(190) and Nylon-6 (191, 192). The formation of spherulites of Nylon-6 is 

depending on melt temperature and if a nylon-6 is cooled from above its 

melting temperature to below ~110oC in less than 3 seconds, spherulites will 

not occur (191, 192). Pebax7233 SA01 has a similar behaviour to Nylon-6, as 

its main composition is Nylon12.  

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

structure adjacent to the skin layer, marked by the red line box shown in Fig 

7.11. For case 1, we observed ~30µm layer with larger spherulites than those in 

the fine-grained layer. The spherulites in this region undergo transition from 

many fine ones to oblate spherulites, following the thermal gradients. The size 

of crystals is similar to that in the oblate layer adjacent to the core layer. Similar 

region, ~20µm, can also be found for case 4. The crystals in this region are 

much larger than in its adjacent layers. Formation of such irregular structure is 

because of a local temperature increase from shear heating. In Chapter 5, we 

characterized thermo-rheological behaviour of Pebax 7233 in real moulding 

process and found that shear heating plays an important role in influencing 

polymer rheology. In this case, shear heating would change the local thermal 

gradient in the shear region. Temperature increase would reduce the effect of 

the thermal gradient and allows crystals to grow to a relatively larger size. Tan 

et al. (193) found that shear heating can cause the temperature of the shear layer 

to increase by ~2 oC, compared to the core region, which changed the relaxation 

of fibers and influenced the final morphology. For our case, as shown in Fig. 

7.9, high shear rates, up to ~104 1/s, make this effect much more significant. 

However, such irregular microstructures do not present for every condition or 

even in different positions of a part. It is highly dependent on local thermo-

mechanical history.  

       We also conducted two single factorial experiments using two important 

factors: injection velocity (50-250mm/s) and mould temperature (60-100oC) to 

confirm the above analysis and to identify the temperature range in which a 
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spherulite-free core forms. The morphology distribution is shown in Fig. 7.12 

and 7.13. The skin layer and the fine grained layer are clearly identified and it is 

hard to tell the boundary of the oblate layer and the core layer at various 

injection velocities. A spherulite-free core structure is formed when mould 

temperature in the range of 80~90oC. A critical mould temperature exists, 

which controls such morphology. The skin layer decreases with injection 

velocity and mould temperature, as indicated in Fig. 7.14. Fine-grained layer 

increases with injection velocity and mould temperature. It is consistent with 

our statistical analysis. Additionally, the crystallinity does not increase or 

decrease monotonically with injection velocity and mould temperature, as 

shown in Table 7.2 and 7.3. This coincides with our statistical analysis and also 

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

  

(a)                                               (b) 

Figure 7. 11 Irregular microstructure observed from case 1 (a) and case 4 (b). 

 

Figure 7.12 Morphology variations with injection velocity.  
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Figure 7.13 Morphology variations with mould temperature.  

 

 (a)                                                        (b) 

Figure 7.14 Effect of injection velocity and mould temperature on morphology 

(a) and cooling rate (b). 

Table 7.3 DSC data at various injection velocities. 

Velocity 
(mm/s) 

Tg 
(°C) 

Tm,onset 

(°C) 
Tm 

(°C) 
ΔHPA12 

(J/g) 
ΔHc,PA12 

(J/g) 
Crystallinity 

(%) 
Tc 

(°C) 
50 46.95 167.93 173.23 44.97 2.84 17.43 142.44 
75 44.77 167.84 171.13 48.9 3.62 19.12 143.01 
100 43.58 166.77 171.12 49.24 4.38 18.81 144.09 
150 42.97 168.43 171.48 49.79 3.70 18.60 142.27 
200 42.59 166.03 171.30 50.32 4.32 19.19 143.23 
250 42.99 166.88 171.30 49.48 4.07 18.77 142.36 
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Table 7.4 DSC data at various mould temperatures. 

Temperature 
(°C) 

Tg 

(°C) 
Tm,onset 

(°C) 
Tm 

(°C) 
ΔHPA12 

(J/g) 
ΔHc,PA12 

(J/g) 
Crystallinity 

(%) 
Tc 

(°C) 
60 43.73 165.54 170.64 55.83 0.58 18.61 143.23 
70 44.89 168.33 171.10 55.52 1.62 19.12 144.45 
80 46.98 168.1 170.95 53.19 2.20 18.72 143.75 
90 45.39 168.5 171.12 52.17 3.07 18.95 143.74 
100 43.58 166.77 171.12 49.24 4.38 18.81 144.09 

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

SWAXS was performed though thickness direction to characterize the lamella 

orientation and periodicity (long period) at various process conditions, as 

introduced in Chapter 3. Figure 7.15 (a) shows the 1D normalized scattering 

intensity versus the scatter vector. It is seen that the q value at the maximum 

intensity changes with process conditions. The scattering intensity is not evenly 

distributed and it shows two most intensive regions at 0o and 180o. This 

indicates that all the samples are oriented. Cases 4 and 8 have the maximum 

Hermans orientation factors, 0.64, while case 1 and 2 have the minimum values, 

0.45. We also used polishing paper to remove the skin layers from both upper 

and lower surfaces for case 2 and case 4. As shown in Fig 7.15 (a) and (b), the 

intensity is significant reduced at 0o and 180o, and the corresponding orientation 

factor significantly decreases to 0.25 and 0.29, which indicates that the 

orientation is mainly originated from skin layer. From statistical analysis, as 

shown in Fig. 7.15 (c), injection velocity and mould temperature have the most 

significant effect on the Hermans orientation factor, which are both negative 

effects. From single factorial experiments, as shown in Fig. 7.16, lamella 

orientation decreases from 0.68 to 0.5 with the increase of injection velocity. 

This is consistent with our DOE analysis. For various mould temperatures, as 

shown in Fig. 7.17, orientation ranges from 0.54 to 0.60 and does not change 

significantly. It has a less profound effect on orientation. It should be noticed 

that the overall molecular orientation does not increase with an increase of 

injection velocity, as expected. Instead, it depends on the thickness of orientated 

layers, as indicated in Fig. 7.18. Additionally, we also tried to polish away skin 
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layers of case 2 and 4 though the thickness direction. As shown in Fig. 7.15(b), 

the intensity at equator reduces significantly from 2D scattering pattern. This 

implies that the orientation is mainly originated from the skin layer and that the 

core layer is almost isotropic. Healy et al. and Malhab & Regnier. examined 

molecule orientation of HDPE and found that increasing injection velocity and 

cavity thickness can decrease level of orientation (194, 195); however, neither 

of them were able to explain the reasons for this from a processing perspective.  

 

 (a) 

 

(b) 
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(c) 

 

(d) 

Figure 7.15 (a) Normalised scattering intensity verse scattering vector from 

case1 to case 8, (b) 2D scattering patterns from case1 to case8, (c) Statistical 

analysis, (d) DSC thermal graph.   

        Statistical analysis from DOE experiments indicates that mould 

temperature has the most positive significant effect and injection velocity has 

the most negative effect on the average long period though thickness direction. 

The changes of scattering vector at the maximum intensity are observed clearly 

from intensity versus scattering vector (q) from Fig. 7.15 (a), Fig. 7.16 (a) and 

Fig. 7.17 (a). The long period varies from 7.767nm to 9.350nm. When injection 

velocity increases from 50mm/s to 250mm/s, the long period reduces from 

10.35 to 9.35nm. Instead, when mould temperature increases from 60oC to 

100oC, the long periods increases from 8.16nm to 10.04nm. In addition, 
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comparing sample 2 before and after the skin layer is removed; long period 

reduces from 8.963 to 7.963nm with the corresponding qmax shifting to right, as 

shown in Fig. 7.15 (a). This indicates that the long period of the skin layer is 

possibly larger than the core layer. However, for sample 4, no much difference 

is observed from 1D scattering curves before and after polishing, as shown in 

Fig. 7.15 (a).  

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

peak from the DSC thermal graphs for cases 1, 2, 6, and 7, which have large 

spherulitic crystals with DSC thermograph as shown in Fig. 7.15 (d). This 

phenomenon is known as “cold crystallization”, where polymer melts is 

quenched from above its melting point into a randomly oriented glassy state and 

random type of cold crystals are formed by crystallization of nearest neighbours 

(196). However, for cases 3, 4, 5 and 8, such exothermal peaks appear too weak, 

as compared by enthalpy of the cold crystallization of PA12 in Table 7.1. 

Spherulitic-free core under higher quench conditions cools so fast to glass 

transition temperature and restrain cold crystallization. A lower cooling rate 

enables nucleation and growth of large spherulite crystals, but some crystals are 

not perfect due to limited crystallization time and they could continue 

crystallization once the proper crystallization temperature is reached. Such 

behaviour was also found by Rhee and White for PA12 films during aging 

(197). The same behaviour has also been found for cases with various injection 

velocities, all of which are associated with a large spherulitic core, as shown in 

Fig. 7.16 (c). Additionally, when the mould temperature exceeds 90oC to enable 

the formation of a spherulitic core, exothermal peaks are present, where 

enthalpy of cold crystallization of PA12 monotonously increases with mould 

temperature, as shown in Table 7.4 and Fig. 7.17 (c).   

       The crystal phase in Pebax 7233 SA01 is γ phase, which is verified from 

wide angle X-ray scattering for all process conditions. Two main WAXS peaks 

are observed at ~5.8o and ~21.5o, which correspond to (001) and (002) 

diffraction of the γ phase of PA12, respectively (198), as shown in Fig. 7.19 (b). 

Additionally, another peak at ~11.7o presents for configuration 2, which 
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corresponds to (040) diffraction of the monoclinic γ phase, according to the 

crystal structure of PA12 proposed by Inoue and Hoshino (197, 199). As a 

result, the crystalline phase of Pebax 7233 SA01 is mainly the stable γ phase. In 

addition, since scattering intensity for crystalline plane (001) and (002) at 

equator diminishes after the skin layer is polished away, crystals in the core 

layer are much less oriented, as indicated in Fig. 7.19 (c).  

 

(a) 

 

(b) 
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(c) 

Figure 7.16 (a) Normalised scattering intensity verse scattering vector at 

various velocities, (b) 2D scattering patterns from 50~250mm/s, (c) DSC 

thermal graph.   

 

(a) 

 

(b) 
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(c) 

Figure 7.17 (a) Normalised scattering intensity verse scattering vector at 

various temperatures, (b) 2D scattering patterns from 60~100°C.   

 

Figure 7.18 Relationship between skin and orientation.  

 

(a)                                                  (b) 
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(c) 

Figure 7.19 (a) 2D scattering patterns of configuration 1 and configuration 2, (b) 

1D intensity profile of configuration 1, (c) 2D scattering of case 2 (left) and 4 

(right) after polishing under configuration 1.  

7.4 Morphology distribution 

The evolution of morphology is influenced by the flow regime and heat transfer, 

both of which are closely related to thermomechanical history that a polymer 

melt experiences during its journey to its final position in a moulded part. 

During micro injection moulding, surface features can influence the local flow 

regime (200) and consequently affect final properties of a part. As shown in Fig. 

7.20, a specimen of case 2 was cut along flow direction (B cut) into seven zones.     

 

Figure 7.20 Morphology distributions along ND-FD plane. 

       Emphasis is given to variations of morphological features between 

successive zones and within the 1st, 4th and 7th zones. As shown in Fig. 7.21, the 

1st zone displays the morphology of gate, large ridge region and a 100µm semi-

circle feature (c.f. Fig. 3.8). Because of the cutting force, thin slides sections 

that were made by microtoming are curled and the area seems smaller than 

examined on the remaining part. In the gate region (region B in Fig. 7.21(b)), 

we can observe some irregular patterns without any visible spherulitic structures. 
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They mix with some visible spherulites. These irregular patterns are also 

observed at the very beginning of the cavity near the edge of part (around 

region A in Fig. 7.21(b)). The reduced cross-sectional area of gate causes 

pressure to increase, the main consequences of which are that the melt 

accelerates and flow elongates. When hot melt is forced to flow into a cold 

cavity, a solidified layer is formed promptly when the melt first contacts with 

the cold mould wall. High shear and elongation stresses create many point 

nuclei, which is evidenced by the fine spherulitic crystals in this shear-

influenced region. Polymer flow can introduce additional heat and re-melt the 

solidified layer formed at the gate region, leading to the forming some irregular 

patterns, as reported by Chu et al. on POM (92). High-level shear heating would 

also contribute to this process. Although the nucleation density and 

crystallization rate do not change very much under lower shear rates of ~10~50 

1/s in quiescent conditions for Pebax7033 (171), high rates of 105~1071/s , such 

as commonly are seen in micro injection moulding can significantly influence 

crystallization. Additionally, polymer melt is viscoelastic and it would expand 

back to form a radial flow field distribution, once it enters into a larger cavity 

region. Once solidifying, it would form a radial distributed pattern, as shown in 

region A in Fig 7.21(b). When the melt front reaches the end of the part, 

pressure will significantly increase. More polymer melt is packed into the cavity 

to compensate for part shrinkage until the gate has solidified. In this case, peak 

injection pressure reaches 175MPa and such a high pressure will pack more 

material into the cavity. Although the shear rates are rather small at filling stage, 

the deformation can lead to further shear. Because the gate is usually the 

thinnest section of a moulded part, it solidifies first, freezing some irregular 

patterns. A visible structure transition from large spherulites to small spherulites 

is observed in the central region of the gate along the flow direction. It is also 

radially distributed, because the thermal gradient is distributed perpendicularly 

to the edge of the triangle gate. The irregular patterns mix with spherulites in 

region B, because of the interaction of thermal gradient and skin re-melting. 
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The interference colour, as shown in Fig. 7.21 (a), under transmission polarized 

light, indicates that the gate region is stressed very much.                  

 

(a)                                                     (b) 

Figure 7.21 Morphology of 1st zone using transmission polarized light and 

reflection polarized light.  

      The 4th zone in the middle of the part exhibits a typical “skin-core” structure, 

as shown in Fig. 7.22. However, microstructures, such as skin layer and oblate 

layer, are not identical at the upper and bottom surfaces of the part. This is 

because the mould temperatures of the moving half and the stationary half are 

not exactly the same and it results in diverse thermal gradients. It is also evident 

that the thickness of the morphological layers does not change very much along 

the flow direction in 2mm distance.  

      The 7th zone shows the morphology near the large ridge and a micro feature, 

as displayed in Fig. 7.23. In contrast to the central sections, such as the 4th zone, 

the skin layer disappears when the melt front passes by the large ridge. Large 

spherulites occupy the space of the large ridge and the end of the part. There are 

no shrinkage voids observed in the large ridge, which has been also observed 

for POM (187).    
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Figure 7.22 Morphology of 4th zone using transmission polarized light and 

reflection polarized light.  

 

Figure 7.23 Morphology of 7th zone using transmission polarized light and 

reflection polarized light.  

       Thicknesses of the skin, fine-grained, oblate and core layers vary along the 

flow direction, as shown in Fig. 7.24. The skin layer decreases from the gate to 

the part end, as an overall trend. The fine-grained and oblate layers and increase 

along the flow direction from ~2.5mm to ~15mm away from gate. Thickness of 

core layer is almost constant until ~15mm away from the gate, after which it 

increases. This behaviour is also observed for both conventional injection 

moulding (25, 76) and micro injection moulding (187). Clark explained the 

formation of the skin layer in injection moulding (25, 76): when a hot melt is 

forced under pressure into the cold cavity of a mould, some clusters of 

entangled molecules will stick to the cold wall of the mould and crystallize 

while others flow by, thus providing a mechanism for extension of connecting 

groups of molecules and crystallization of a complex fibril; under high melt 

stress, the over growth of folded-chain lamella will be planar and the net 

molecular orientation will consist of chains parallel to the flow direction; this 
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process of fibril formation and planar overgrowth of lamellae can continue as 

long as flow of the melt causes molecular clusters to travel at a velocity 

different from that of the crystalline surface.  

 

Figure 7.24 Variation of thickness of different morphology layers.  

       In micro injection moulding, wall slip happens due to high shear stresses. 

This would possibly slightly reduce the molecular orientation. At the same time, 

because of high surface to volume ratio, high thermal gradient causes thicker 

skin layer in micro injection moulding than in conventional injection moulding. 

The decreasing skin layer thickness along flow direction is due to the combined 

effect of velocity reduction and heat transfer along flow direction. Reduction of 

velocity along the flow direction leads to smaller stresses. Fibril nucleation will 

not happen towards to the interior of the part. The thickness of shear layer will 

finally reduce. Heat loss during filling can create thicker solidified layer. At end 

of part, velocity of melt is getting much smaller. Shear stresses are too small to 

create fibril nucleation. Instead, point nuclei will form at random sites. Random 

nucleation will finally lead to spherulitic crystals occupying the most space of 

in the part end with an ultra-thin skin and transcrystallization layers.   

       The thickness of the fine-grained layer and oblate layer increases at a 

distance from 2.5mm to 15mm away from the gate. The reduced thickness of 

the skin layer along the flow direction leads to more significant heat transfer. 
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Increased heat loss crystallizes more polymer melt along the thickness direction, 

creating thicker fine-grained layer and oblate layer. 

       The thickness of core layer does not change until 15mm away from the gate, 

where polymer melt reaches the large ridge near part end. This ridge provides 

large space for the fast moving melt and leads to a significant reduction of flow 

velocity and shear stress, which reduces point and fibril nucleation with 

decreasing of the skin and fine grained layer. More space will allow for creation 

random larger spherulites.  

7.5 Effect of cavity thickness 

The morphology of micro moulded sample with thickness from 100µm to 

500µm is shown in Fig 7.25, where the 100µm thick part was not fully filled 

and only the region near gate is presented. This is especially profound for the 

100µm and 200µm thick part, where the highly oriented skin occupies 65% and 

59%, which is much higher than parts thicker than 300µm, as shown in Fig. 

7.26. The skin ratio reduces significantly when cavity thickness exceeds to 

200µm. Jetting occurs near the gate, as shown in Fig. 7.27, which is evidenced 

by irregular skin ratio variation along the flow direction, with some high 

stressed areas evidenced by birefringence patterns.  

      Molecular orientation and long periodicity at various thicknesses were       

also examined by SWAXS, as shown in Fig. 7.28. Hermans orientation factor of 

the 100µm part is 0.58 and it is smaller than 0.60 for the 200µm thick part. It 

then decreases for the 300, 400, 500µm parts. If observing the thicknesses of 

the skin layers, we note that orientation increases with skin thickness, as 

discovered in Section 7.3. Since skin layer is composed of highly oriented 

structures, overall molecular orientation increases with increase of skin layer 

thickness. The long period decreases from 11.74nm to 10.59nm from 200µm to 

300µm parts and the 300, 400, 500µm parts have the same periodicity.  
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Figure 7.25 Cross-section morphology under different cavity thickness.  

 

Figure 7.26 Skin to thickness ratios for various cavity thicknesses.   

 

Figure 7.27 Jetting near gate.   

7.6 Morphology of micro features 

Figure 7.29 displays the morphology of 100µm features moulded with HDPE 

and Pebax. The features near gate and the part end present very difference 

morphologies. Both of the HDPE features near gate and part end have a similar 

microstructure to that of the skin layer beneath them. This indicates that the 
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shear rates filling the features are large enough to create the oriented structures. 

The flow pattern is curved severely around the feature that is near gate, which 

indicates that the flow field is affected by features. Another possible 

explanation is that the feature is not fully filled and the skin layer is then bent 

into the micro cavity by the pressure of subsequent melt, evidenced by the 

obvious curved flow front. The feature that is far away from the gate does not 

present such severe curvature because of the low melt pressure at the end of the 

part.  

 

(a) 

 

(b) 

Figure 7.28 (a) Normalised scattering intensity verse scattering vector at 

various thicknesses, (b) 2D scattering patterns from 100~500µm.   
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Figure 7.29 Morphology of 100um features (c.f. Fig.3.8): (a) near gate (HDPE), 

(b) far away from gate (HDPE), (c) near gate (Pebax), (d) far away from gate 

(Pebax), (e) enlarge feature, (f) for cases without large spherulitic core.  

      For Pebax, the feature near the gate has a similar bent skin layer, which 

presents as a bright birefringence pattern similar to the skin layer. The feature is 

fully occupied by large spherulites except for a very thin, transparent, and fast 

solidification layer, as shown in Fig. 7.29 (e). This implies that the shear rates 

filling this feature are too low to form highly oriented structures, compared to 

HDPE. However, the significant bending of the shear layer beneath the feature 

implies that the melt pressure near the gate is sufficiently high to cause large 

bending deformation. No such bent layer is present for the feature at the part 

end of Pebax, as shown in Fig. 7.29 (d). This feature has a large spherulite 

structure with a fast solidification layer around it. The bent skin layer is also 

present for feature near gate under conditions with non-spherulitic core, as 

shown in Fig. 7. 29 (f). In this case, the features have the same structure as the 

core with a thin transparent rapidly formed solidification layer on external 

surface. Such effects of melt pressure on feature replication and part mechanical 

properties have not been studied yet. In addition, microstructure of features is 

depending on the material, which could be oriented structure or spherulites. One 
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must be careful when designing a product with micro/nano features, since they 

will possess various morphologies, which are different from macro part.         

7.7 Interpretation of morphology 

7.7.1 Non-isothermal flow  

Since nucleation can be influenced by non-isothermal flow, it has to be 

considered in the real moulding process. In Chapter 5, several dimensionless 

numbers were used to characterize the main thermal physical phenomena 

occurring during the micro injection moulding process. Peclet Number (Pe) is 

the ratio of heat convention to heat conduction along the flow direction. Graetz 

Number (Gz) is the ratio of heat convection along the flow direction to heat 

conduction in the thickness direction. Brinkman Number (Br) is the ratio of 

viscous heating to heat conduction from an imposed temperature difference. As 

indicated in Fig. 7.30, firstly, injection velocity has a more profound effect on 

non-isothermal conditions than mould temperature, as evident by the larger 

slope of dimensionless groups in the range of typical injection speeds for a real 

micro injection moulding process. Pe is in the range of 104~106 for all the 

conditions and it indicates that heat conduction along flow direction can be 

safely ignored. Gz varies from 10~70, increasing with injection velocity and is 

almost consistent at 31 for conditions with different mould temperature. It 

means heat convection plays a more important role than heat conduction. If 

Gz>>100, heat conduction becomes negligible, while for Gz<<1, it dominates, 

and flow is assumed to happen as a “quasi-adiabatic” condition (180). In the 

present case, Gz varies between 1 and 100, implying that both heat convection 

and heat conduction together determine the temperature profiles. Br increases 

both with injection velocity and mould temperature. However, it is ranging 

from 0.7 to 4, which indicates that viscous dissipation would generate some 

heat, especially at a high injection velocity. For various thicknesses, Gz 

decreases to as small as 8 and Br reduces to 0 when the cavity thickness reduces 

to 200µm at this stage; the effect of heat conduction becomes more significant 
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and the effect of viscous heating gets smaller and diminishes for cavities thinner 

than 200µm.  

 

(a) 

 

(b) 

 

(c) 

Figure 7.30 Effect of injection velocity (Tm=100oC) (a), mould temperature 

(Vi=100mm/s) (b) and cavity thickness (c) on dimensionless numbers. 
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7.7.2 Flow induced crystallization in comparison to “short term shear 

protocol” 

As reported in the literatures (81, 201), both quenching and specific work can 

dramatically promote the number of nuclei by several orders of magnitude and 

significantly influence crystallization kinetics. Since injection moulding is a 

non-isothermal process, both thermal induced crystallization and flow-induced 

crystallization have to be taken into account. Quench can only create “point-like” 

nuclei, while shear is a crucial factor for the formation of an oriented structure. 

For pressure driven flow, shear stress varies linearly along the channel thickness 

direction from zero on the centre line to the maximum at the wall (202, 203), as 

shown in Fig. 7.31. Since that morphology transition can be detected by 

Equation 3.3 gives polarized light microscopy and wall shear stress, the 

corresponding critical shear stress at morphology interface can be easily 

obtained by:  

σ
σ wall

= r
R

                                              (7.1) 

where σ is the critical stress at morphology interface, σwall is wall shear stress 

and r and R are distances from centre of cavity to morphology interface and 

cavity wall.  

      The specific work (SP), w, is defined by Janeschitz-Kriegl (81) as the work 

been done on the unit volume of sheared polymer melt: 

   
w = η[ γ (t)] γ 2(t)

0

ts∫ dt                                                          (7.2) 

where η is the shear rate dependent viscosity,  is shear rate and the 

integration is over the entire shearing time, ts. Because controlling the shear rate 

in a slit flow is complicated by material properties, only the apparent wall 

specific work at the wall can be obtained:  

   w =η γ 2ts                                                    (7.3) 

 γ (t )
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where η  is the average viscosity over the experienced apparent shear rates, ts is 

estimated by cavity filling time, as compared with “short-term shear protocol” 

in Fig. 7.1. In the present work, flow conditions are actually quantified by wall 

shear stress and apparent wall specific work.  

 

Figure 7.31 Schematic showing flow profile and shear stress profile across the 

gap of the rectangular slit channel. 

       For 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 similar pattern to wall shear stress when the shear 

rate increases, as shown in Fig. 7.32 (a). The maximum specific work is 

achieved by the lowest shear rate and the minimum occurs at medium shear 

rates7500-10000 1/s, which is explained by compromise of the shear rate, shear 

time, and viscosity. The skin layer decreases with rising shear rates, and also 

increases directly with specific work in general. From the dimensionless 

analysis, heat conduction is more important than heat convection at lower shear 

rates. More heat is conducted away at relatively longer filling times at low shear 

rates, which allows more material to crystallize to form thicker skin. As 

indicated by statistical analysis, nucleation and crystallization of the skin layer 

both happen at the filling stage, while nucleation of the fine-grained layer 

happens at filling stage and crystallizes at the holding and cooling stages. Since 

only flow can transform “point-like” nuclei into “thread-like” nuclei, flow 

condition at the fine-grained layer is not sufficient to create oriented structures, 

which is characterized by the critical shear stress at the interface of the skin and 

fine-grained layers. As indicated in Fig.7.31 (a), the critical shear stress for 

forming of the skin and the fine-grained layers are consistent, almost 
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independent of the shear rates. The critical shear stress for formation of skin 

layer is 0.3MPa with a standard deviation of 0.016, when the shear rate 

increases from 4×103 to 2.5×1041/s. The critical stress for forming the fine-

grained layer is 0.27MPa with a standard deviation of 0.013. It should be 

noticed that the wall shear stress firstly decreases and then increases with a rise 

of shear rate, indicating that wall slip is likely to have occurred. Stress 

decreases because of the combined effects of finite compressibility of polymer 

melts and a transition from a weak to strong slip due to the disentanglement of 

polymer chains from a monolayer of polymer chains sticking to the mould 

surface (55). Additionally, fast injection suppresses the advancement of the 

melt-solid interface and the corresponding effective flow channel increases, 

inducing a drop in shear stress. However, the subsequent shear stress increase 

indicates a re-entanglement from strong to weak slip after relaxation of 

molecular disentanglement. The slip behaviour of Pebax 7233 has been 

confirmed under the micro injection moulding process using various thick slit 

cavities of 200~600µm in Chapter 5. 

 

(a) 
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(b) 

 

(c) 

Figure 7.32 Variation of critical stress and morphology thickness and specific 

work with (a) shear rate, (b) degree of supercooling, (c) cavity thickness. 

       The degree of supercooling is defined as a temperature difference between 

the equilibriums melting temperature (~184oC) and the mould interface 

temperature (171). A sufficient supercooling below the melting point is a 

necessary condition for the crystallization process to start within an acceptable 

time (204). As shown in Fig. 7.32 (b), skin thickness increases as the degree of 

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

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

faster the solid-liquid interface advances into the core of the sample, which 

create a thicker skin. A thicker skin acts more efficiently as a heat isolator to 

give rise to a thinner fine-grained layer. The average specific work also 

increases directly with the degree of supercooling increases, but the critical 
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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.  

   A reduced cavity thickness significantly influences the thermal physics. Gz 

number is less than 3 when cavity thickness is thinner than 200µm, which 

indicates that heat conduction is almost dominate, as shown in Fig. 7.30 (c). At 

the same time, any temperature increase by viscous heating diminishes when 

cavity thickness is less than 200µm. The cooling rates become higher for 

thinner cavities, leading to an increase of the skin layer, as indicated in Fig. 7.32 

(c). In addition, when cavity thickness decreases less than 300µm, the skin ratio 

increases significantly from 12.5% to 59%. The specific work actually 

decreases when the cavity thickness increases, which is the opposite to cases 

with a variation of the shear rates and the degree of supercooling. This is 

because of a significant increase of viscosity from the increase of heat 

conduction. However, the critical shear stress is 0.32MPa with a standard 

deviation of 0.027, which approximates to cases with different shear rates and 

degree of supercooling.  

       As a result, shear stress is considered to be a good threshold under any real 

injection moulding process to characterize the onset of an oriented structure. 

However, critical shear stress is not consistent over all the conditions and it has 

a standard deviation of 0.013, 0.006 and 0.027. Such deviation refers to how 

better to define of a threshold value for the onset of oriented structures. Figure 

7.33 (a) demonstrates the distribution of critical stress of skin layer over degrees 

of supercooling and shear rates when cavity thickness is fixed at 400µm. 

Obviously, critical shear stress could sustain consistent over a wide range of 

degree of supercooling at narrow range of shear rates, implying there is only a 

minor effect of quench on the formation of the oriented structure. However, if a 

degree of supercooling is fixed, the critical shear stress presents a pattern of first 

increasing and then decreasing when shear rate increases. We know that the 
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critical shear stress is calculated from the skin layer thickness and wall shear 

stress. It is easy to know that heat transfer can significantly reduce the effective 

thickness of flow channel at lower shear rates, leading to an increased flow 

resistance and consequent shear stress. At the same time, high-speed injection 

needs a high driving force, which results in an increased wall shear stress and 

consequent shear stress. Of course, wall slip will also play an important role in 

adjusting shear stresses. When considering the conditions of various cavity 

thicknesses, the distribution of critical shear stress is altered as shown in Fig. 

7.33 (b), because of the complex thermomechanical conditions that are involved. 

However, the overall trends are similar.        

 

(a)                                                    (b) 

Figure 7.33 Distribution of critical shear stress for the onset of oriented 

structure against shear rates and degree of supercooling (a) at fixed cavity 

thickness 0.4mm, (b) considering all cavities thickness from 100µm to 500µm.   

       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 Fig. 7.34. It is interesting to see that specific work significantly increases the 

skin ratio at a lower supercooling degree (high mould temperatures). This effect 

gets weaker when the supercooling degree increases. However, the maximum 

skin ratio can only be achieved at the highest specific works and low-medium 

degrees of supercooling. This further explains the role of flow on formation of 
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oriented structures. It is also interesting that skin ratio does not directly increase 

as degree of supercooling rises, when the specific work is fixed. A compromise 

of thermal induced crystallization and flow induced crystallization both 

determines the skin layer thickness and final part anisotropy. 

 

Figure 7.34 2D mapping of skin ratio versus specific work and degree of 

supercooling.  

7.7.3 Formation of spherulite-free core structure 

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

moulding temperature below 80oC, the central region of the part ends up with 

no spherulitic structure. The white interference colour indicates that very small 

crystals occupied the central region. Crystallization kinetics of slow 

crystallizing polymers, such as PA 12, Poly(Phyenylene Sulfide), Poly(Ether 

Ether Setone) and Syndiotatic Polystyrene, can be described by Temperature 

Time Transformation curves (TTT curves) (205, 206). Since Pebax 7233 

presents a similar behaviour to PA12, TTT curves are used to explain 

morphology formation. The schematic in Fig. 7.35 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. If they do 

not crossover, the polymer melt is supercooled to form a glassy-like structure. 

Furthermore, stress induced orientation and stretching can enhance the 
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crystalline rate and shift the TTT curves to the left and upward (190). 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 mould temperatures 

leading to a spherulite core structure are in the range of 80~90oC and their 

corresponding morphologies are displayed in Figure 7.13. We know that the 

cooling rate is higher near the surface and lower near core. As shown in Fig. 

7.35 (a), both cooling curves of location A at Tm=80oC and 90oC intersect TTT 

curves of the wall shear stress, but do not crossover the TTT curves of the 

critical stress of skin, which indicates the formation of a skin layer. At location 

B, the cooling curve of Tm=90oC intersects the TTT curve of the critical stress 

of the skin layer, but not the curve at the critical stress of the fine grained layer, 

which lead to a creation of a fine-grained layer, while the cooling rate at 

Tm=80oC is too fast to intersect any TTT curves, creating a glassy-like structure. 

In addition, because the shear stress at location B at Tm=80oC is still less than 

the critical stress of the skin layer, many nuclei are finally grown into small 

crystals because of high quench; they are too small to be detected by polarized 

light microscopy. This is the so-called “glassy-like structure” in the present 

work. At location C, the cooling curve at Tm=90oC crosses both TTT curves at 

the critical stress of the fine-grained and the core layers, implying that there will 

be the formation of an oblate transcrystalline layer and a core layer plus a skin 

and a fine grained layer. However, the cooling rate at Tm=80oC is still too high 

to form a spherulitic core. However, crystallinity calculated from DSC for both 

cases is almost the same, which indicates that a core without large spherulites 

would also have many small crystals created under high nucleation upon a fast 

quench.    

7.7.4 A schematic model for flow and thermal induced crystallization 

       Based on the aforementioned results and considering flow induced 

crystallization and thermal induced crystallization, a schematic model of 

structure formation during injection moulding can be suggested, as shown in 
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Fig. 7.36. Since shear is low at the centre of the flow channel, almost quiescent 

crystallization occurs there, where nuclei can be either created from pre-thermo-

deformation history or from thermodynamics of polymer melts. 

Spherulite/spherulite-free core structures are expected to form, depending on 

degree of supercooling. Towards the boundary of the mould, nucleation density 

would increase as increase of heat transfer. Once shear stress exceeds the 

critical stress of the fine-grained layer, both flow and cooling create point nuclei, 

which finally grow into a fine-grained layer. A high cooling rate increases 

nucleation density but suppresses crystal growth, forming a glassy-like structure, 

especially for slow crystallization polymers. Once stress is larger than the 

critical skin shear stress, point like nuclei, created by thermal gradients, shear or 

prior thermomechanical history, is stretched and grow into thread-like nuclei. 

Thread-like nuclei are finally grown into highly oriented structures, such as 

shish-kebabs. At the polymer-mould interface, molecules are stretched by 

fountain flow and then transport to cold mould wall, where molecular 

orientation is then frozen quickly. It is worth noticing that wall slip occurs 

during this process and molecule chain disentanglement and re-entanglement 

would possibly occur, which would influence the thickness of oriented layer 

and molecular orientation. In addition, we find that the shear stress governs the 

formation of morphological layers, no matter how thick they are. This does not 

contradict the specific work as a criterion to identify a highly oriented layer in 

short term shear protocol. As discussed already, shear rates are as high as 

~1041/s, which is more than 1000 times higher than in the short-shear protocol. 

Shear stresses, on the other hand, are only 10 times higher than in the short-

shear protocol. For a given shear time, polymer melts are not sensitive to shear 

rate, but to shear stress. As a result, specific work is governed by shear stress, 

which is evidenced by the pattern of wall specific work following the pattern of 

shear stress at various moulding conditions in the present study.     
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Figure 7. 35 TTT diagrams for the development of crystallization under the 

interaction of thermal induced crystallization and shear induced crystallization 

(dotted line is the critical TTT curve; big black dot on crystalline image is the 

corresponding position).  

 

Figure 7.36 Schematic illustration of formation of morphological structures by 

thermal-induced crystallization and flow-induced crystallization under injection 

moulding process.   

7.8 Mechanical properties 

The engineering stress-strain curves of micro injection moulded Pebax samples 

were obtained from uniaxial tensile tests at various process conditions, as 

shown in Fig. 7.37. Samples typically present three deformation stages. Stress 

firstly increases linearly with an increase of strain and samples are stretched 
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evenly; once exceeding a yield point, necking occurs with a reduction of stress 

while strain increases; thereafter, strain hardening (stress increases with rise of 

strain) takes place until break. We also compared micro specimens to material 

data provided by the material supplier, as shown in Table 7.5. Although 

material processing methods would affect mechanical properties, this 

comparison would dramatically indicates how much difference exists between 

macro samples and micro samples. Young’s modulus under micro moulding is 

around half what it is for conventional specimen; strain at break is ~30% less 

than expected from material data sheets; yield stress and yield strain are 1.6~2 

times higher than standard samples. Such discrepancy will be explained in the 

following sections.  

 

Figure 7.37 Tensile behaviour of micro injection moulded samples at various 

process conditions.  

Table 7.5 Comparison of Pebax mechanical properties (maximum) under two 

typical morphologies with data from material supplier (n=5 for present list 

experiment).    

 
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 
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7.8.1 Nanoindentation  

Hardness and modulus distributions for the skin, fine-grained, oblate and core 

layers were studied by nanoindentation along the thickness direction at the ND-

FD plane, as shown in Fig. 7.38. The modulus first decreases from the skin to 

the fine-grained, oblate layer and then increases at the core layer; and its 

distribution was non-symmetrical because of the non-uniform mould 

temperature of the moving half and stationary half. The modulus of the skin and 

core layer of the sample under case 5 with spherulite-free core is 0.85GPa (with 

standard deviation 0.06) and 0.78GPa (with standard deviation 0.11), 

respectively; for condition 6 with spherulite core, the modulus of the skin and 

core layers is 0.96GPa (with standard deviation 0.16) and 0.83MPa (with 

standard deviation 0.04). This indicates that the skin layer has a higher modulus 

than the core layer for Pebax, no matter what the core structure is, as reported 

for polypropylene (207). Indentation hardness measures the resistance of a 

material to local deformation produced on a surface by a sharp indenter upon 

applying a given load (208). For polymer material, hardness is related to 

crystallinity, glass transition temperature and crystal thickness etc. Hardness of 

the skin and core layers under case 5 is 0.075GPa (with standard deviation of 

0.008) and 0.068GPa (with standard deviation 0.014), respectively. Under case 

6, hardness of skin and core is 0.083GPa (with standard deviation 0.009) and 

0.071GPa (with standard deviation 0.003), respectively. Hardness and modulus 

of injection moulded parts are mainly affected by crystallinity and 

superstructure, such as cross-hatched lamella (209). It was reported that 

crystallinity decreased from the core to the surface for both microinjection 

moulding (94) and conventional injection moulding (26), because of the high 

cooling rate on the mould wall. Therefore, a higher modulus and hardness at the 

skin layer is mainly attributed to its highly oriented structure (209).   

7.8.2 Bulk mechanical properties 

Figure 7.39 shows the variation of Young’s modulus, strain at break, yield 

stress, and yield strain with process conditions. Skin ratio and orientation factor 
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exhibit a similar pattern, since the overall molecular orientation is mainly 

influenced by thickness of oriented skin, as indicated in Fig. 7.18. The 

crystallinity has an exactly opposite pattern to skin ratio, which implies that the 

skin layer has lower crystallinity than the core layer. For example, cases 4 and 8 

have the maximum skin ratio but the minimum crystallinity. 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 thicker skin gives rise to higher elongation.  

 

(a)                                                           (b) 

Figure 7.38 Modulus and hardness from nanoindentation at cross-section along 

TD-FD plane.  

 

(a) 
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(b) 

Figure 7. 39 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.   

       From the statistical analysis in Fig. 7.40, strain at break increases with 

decrease of injection velocity and mould temperature, since they reduce the skin 

thickness. When mould temperature increases from 60oC to 100oC, strain at 

break decreases with increase of mould temperature, following the variation of 

skin ratio, as shown in Fig. 7.41 (a), irrespective of what the core structure is. 

Meanwhile, when injection velocity increases from 50mm/s to 250mm/s, strain 

at break increases with the increase of skin ratio and orientation factor, although 

crystallinity and the long period have little variation, as shown in Fig. 7.42 (a). 

But this result contradicts previous studies, where the skin layer was found to be 

easy to fracture because of oriented structures (210, 211). Fujiyama et al. (212) 

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, whose rotation was difficult to 

tensile direction and thus unfolding of molecular chains was difficult. Such a 

discrepancy may be because the crystallinity of skin is lower than the core, 

which contains more amorphous soft segments PTMO and amorphous hard 

segments PA12. The soft segments could work as a rubber-like connection 

between the amorphous phase and the crystalline phase, causing lamella 
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rotation and unfolding to occur earlier. In addition, skin has a lower 

concentration shish structure, which facilitates lamella orientation and 

unfolding.  

       Young’s modulus exhibits a complex pattern, where cases that have a 

spherulite core have a higher modulus than cases having a spherulite-free core, 

as shown in Fig. 7.39 (a). When mould temperature increases from 60oC to 

80oC (corresponding to spherulite-free core), modulus slightly decreases, and 

then increases when it increases from 80oC to 100oC (corresponding to 

spherulite core). For Pebax, deformation under low strain is confined to the soft 

segment PTMO and amorphous hard segment PA12 and spherulite crystals can 

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

by an increase of spherulite concentration (210). Modulus decreases when 

injection velocity increases from 50 to 250mm/s as shown in Fig. 7.42 (b), 

where skin ratio and orientation factor decreases. As discovered in 

nanoindentation, modulus and hardness of the core are slightly lower than in the 

skin. Skin is composed of oriented lamellae, at lower strain, the soft segment is 

gradually aligned by an affine deformation along the uniaxial tension direction 

and lamellae rotate with their long axes parallel to the tension direction (170). 

Such rotation is difficult because of the constraint of the oriented lamella and 

shish structure, resulting in high modulus. As the skin exhibits a stiffer 

behaviour, the relative importance of this performance on the global properties 

of an injection moulded part is then enhanced by the thickness of the skin.      

 

 (a)                                              
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(b) 

Figure 7.40 Statistical analysis of the effect of process parameters on 

mechanical properties: (a) Young’s modulus, Strain at break; (b) Yield stress 

and Yield strain.   

       Yield stress follows variation pattern of skin ratio, orientation factor and 

increases with a decrease of crystallinity, as shown in Fig. 7.39 (b). Statistically, 

yield stress increases with a decrease of injection velocity and mould 

temperature, as shown in Fig. 7.40. When mould temperature increases from 

60oC to 100oC, it decreases first for the spherulite-free core as decrease of skin 

ratio, and then increases for the spherulite core, as shown in Fig. 7.41 (b). In 

addition, yield stress decreases with decrease of skin ratio and orientation as 

injection velocity increase from 50mm/s to 250mm/s, as shown in Fig. 7.42 (b). 

High yield stress of the skin layer is considered to be due to shish structures, 

because fibrous crystals have a high strength and deeply penetrate the texture 

(211). 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 tensile direction and contribute to yield stress.  

       Yield strain slightly follows the variation of skin ratio and orientation factor, 

which is opposite to the crystallinity. Statistical analysis confirms that yield 

strain increases with a decrease of mould temperature, as indicated in Fig. 7.40. 

It is also seen that the cases 1, 2, 6, and 7 have a lower yield strain than cases 3, 

4, 5, and 8, which indicates that the spherulite free core has a higher yield strain. 

As shown in Fig. 7.41 (b), yield strain first increases and then decreases, and 
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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 

Fig. 7.42 (b). 

 

(a) 

 

(b) 

Figure 7.41  Effect of mould temperature on morphology and mechanical 

properties: (a) Young’s modulus, Strain at break; (b) Yield stress and Yield 

strain.   

7.8.3  Effect of thickness on properties 

Effect of part thickness on mechanical properties is shown in Fig. 7.43.   

Young’s modulus reduces with an increase of cavity thickness, especially when 

thickness decreases from 400µm to 200µm, which follows the variation of skin 

ratio and orientation factor, as, indicated in Fig. 7.43 (a). This coincides with 
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the analysis in Section 7.8.1, since surface to volume ratio increases, when 

cavity thickness reduces from 400µm to 200µm. Strain at break first increases 

and then decreases when cavity increases from 200µm to 400µm, as shown in 

Fig. 7.43 (a).  

 

(a) 

 

(b) 

Figure 7.42 Effect of injection velocity on mechanical properties: (a) Young’s 

modulus and Strain at break, (b) Yield stress and Yield strain.    

        Yield stress broadly reduces with cavity thickness, since the skin ratio 

increases, as shown in Fig. 7.43 (b). The oriented skin layer has a higher yield 

strength. However, yield strain actually increases first and then drops down for 

the sample that is 500µm thick. The effect of specimen size on mechanical 

properties, especially for semicrsytalline polymers, has been reported by several 

researchers. For example, Haberstroh et al. (99) found that “although some 

mechanical properties, such as secant modulus, yield strain, show a uniform 
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tendency towards a less stiff material behaviour, there exists a non-uniform 

correlation between miniaturization of sample geometry and properties at all.” 

The reason that yield strain does not followed is related to the skin ratio, as 

indicated by DoE and single factorial experiments. 

 

(a) 

                                                       

(b) 

Figure 7.43 Effect of cavity thickness on mechanical properties: (a) Young’s 

modulus and Strain at break, (b) Yield stress and Yield strain. 

 7.9 Summary 

Crystallization of poly (ether-block-amide) Pebax7233 under the micro 

injection moulding process and its effect on mechanical properties is 

characterized. Firstly, a typical “skin-core” morphology is found in Pebax 

samples with two types of core structures: large spherulitic core and spherulitic-

free core, depending on quench conditions; the stable γ phase of PA12 is the 
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main crystallization phase of Pebax 7233; process conditions with spherulite 

core present significant cold crystallization behaviour than spherulite-free core. 

Secondly, thickness of the skin layer is determined by injection velocity and 

mould temperature; the fine-grained layer is influenced by injection velocity, 

holding pressure and mould temperature; the oblate and core layers are 

determined by mould temperature. Irregular “large spherulite” structures can be 

present beneath the skin layer because of local shear heating. Molecular 

orientation of micromouldings is determined by thickness of the oriented layer. 

Injection velocity has a negative effect on the long period and mould 

temperature has a positive effect. Skin ratio significantly increases, up to 65%, 

when cavity thickness reduces from 500µm to 100µm; the overall molecular 

orientation increases with the reduction of part thickness. In addition, skin layer 

curvature would help filling of a micro feature; the microstructures of a micro 

feature could be composed of large spherulites or small crystals, depending on 

material and process conditions.  

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

microinjection moulding was proposed to validate a threshold for the onset of 

oriented structures under high shear stresses and 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 was almost 

independent of flow conditions and is a good candidate to characterize the onset 

of oriented structures under real moulding conditions. Specific work and the 

degree of supercooling were proposed to measure the pressure driven flow in 

micro injection moulding. Development of skin ratio under various moulding 

conditions is mapped based on degree of supercooling and specific work. Since 

specific work can be monitored in-line and the degree of supercooling can be 

controlled by mould temperature, for a given material, such a mapping method 

would provide useful information to control the oriented structure and final 

properties of injection mouldings.  

     Nanoindentation indicates that skin layer has a higher modulus and hardness 

than the core, no matter what core structures are present. Bulk mechanical 
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properties are tightly related to skin-core morphology: strain at break and 

Young’s modulus increase with an increase of skin-ratio and orientation; yield 

stress also increases with an increase of skin-ratio, but yield stress decreases 

with an increase of skin ratio. High shear rates and thermal gradients of micro 

injection mouldings influence crystallization kinetics and modify the skin ratio 

and induce a variation of crystallinity, molecular orientation, and crystal length 

etc., all of which influence mechanical properties and differ much from greatly 

in a macro sample. Mechanical testing of micro specimens is necessary in order 

to understand material behaviour at this scale.   
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Chapter 8  

Conclusions and future work 

8.1 General conclusions 

High surface to volume ratios of micro parts and micro features lead to high 

thermal gradients and require high speed injection. Such extreme processing 

modifies rheology and morphology at micro-scale and determines the final 

properties of micro components and micro features. The objective of this thesis 

is to characterize the effect of an extreme micro injection moulding process on 

actual process, material rheology, micro/nano scale feature replication, 

morphology, and properties of final products. Then, based on acquired 

knowledge, a method of process optimization and morphology control for both 

micro/nano surface features and macro parts would be proposed.  

8.1.1 Conclusions on process characterization  

1. The filling, packing, and cooling behaviour of micro injection moulded 

HDPE, COC, and Pebax dumbbell parts of 400µm and 500µm thicknesses 

were monitored by embedded combined pressure and temperature sensors. 

The cavity filling time was ~16-27ms, which was comparable to the V-P 

switchover time (~10ms). Process characterization implies that V-P 

switchover would influence cavity filling behaviour. High injection speeds 

were not actually achieved because of short filling time.  

2. Process characterization was carried out based on proposed process 

characteristic values (PCVs). The filling stage was described by metering 

size, average injection pressure, average screw velocity, average cavity 

filling velocity, and average cavity pressure. Post filling behaviour was 

described by peak cavity pressure, peak injection pressure, peak material 

contact temperature, screw displacement, and gate sealing time. From a 
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material behaviour perspective, injection velocity, mould temperature, and 

melt temperature all had a significant negative effect on metering size. From 

the machine response perspective, high holding pressure and high material 

temperature led to low injection pressure; high injection velocity and high 

holding pressure also accelerated the injection screw. The relationship 

between process parameters and machines responses was determined by 

material behaviour and the dynamic response of the drive motor. In terms of 

cavity filling, high velocity and high pressure increased melt filling speed 

and filling pressure, all of which can modify morphology and influence 

micro and nanoscale features filling. Regarding the post-filling behaviour, it 

was holding pressure that determined the maximum cavity pressure and 

injection pressure. The maximum mould polymer interface temperature was 

totally controlled by mould temperature. Screw displacement increased with 

an increase of holding pressure. Gate sealing time increased with rise of 

melt temperature. 

3. For a typical configuration having a large sprue & runner with a relatively 

tiny part, the sprue and runner would hide the effects of processing on the 

micro part, which makes process optimization both difficult and different 

from conventional injection moulding. A conventional shot size 

optimization method cannot eliminate the effect of holding pressure on the 

micro part filling process, because the filling time is comparable with the V-

P transition time. In terms of process monitoring and characterization, a new 

shot size optimization method based on screw velocity was proposed. By 

adjusting shot volume, the V-P transition was shifted to the post-filling 

stage. Statistical analysis indicated that the holding parameters would not 

influence the filling behaviour after shot size optimization. Process 

optimization was shown to be possible based on this novel method for shot 

size optimization. 

8.1.2 Conclusions on rheology characterization  

1. Using the process monitoring system and a slit flow model, the rheological 

behaviour of polymer melts was studied under an actual micro injection 
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moulding process by using slits of thickness that ranged from 200µm to 

600µm. Four important features were found in terms of microscale 

viscosity, namely (i) the measured viscosity was well below the 

conventionally predicted viscosity, (ii) the viscosity of polymer melt 

depended on the slit thickness, (iii) viscosity decreased as the slit thickness 

increased and the measured viscosities of 400µm, 500µm and 600µm 

cavities were almost superimposed together, and (iv) the viscosity curves 

converged as the shear rates increased. Rheology was also sensitive to 

process parameters: viscosity decreased with an increase of mould 

temperature and melt temperature, of which the effect of mould temperature 

was less significant. Mould material (BMG Vs. stainless steel) had no 

significant effect on viscosity.  

2.  According to dimensionless analysis (Peclet Number, Graetz Number and 

Brinkman Number), heat convention along the flow direction, heat 

conduction though the thickness direction and viscous heating are the main 

factors influencing non-isothermal conditions. Viscous heating increased 

with rising shear rates and cavity thicknesses; thermal conduction became 

more important when cavity thickness and shear rate reduced. Wall slip 

behaviour was detected via a decrease of shear stress, when shear rates 

increased. Wall slip velocity increased with the decrease of cavity 

thicknesses. It was also found that shear stresses did not increase and even 

decreased with shear rates, especially for cavities thinner than 300µm. 

Additionally, shear stresses reduced with an increase of melt and mould 

temperature.    

3. Thickness dependent viscosity was explained by non-isothermal flow and 

wall slip. The measured viscosity was well below what would exist in 

conventional rheology, since wall slip occurred and significantly reduced 

shear stress, and then viscosity. All the viscosities converged with 

increasing shear rates, which was mainly because of wall slip. At the same 

time, viscosity increased with an increase of cavity thickness, due to heat 

losses from thermal conduction and convention.  
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4. Plastication affected viscosity significantly. Viscosity decreased with an 

increase of back pressure and could be attributed to the increase of friction 

induced heating. Viscosity increased with an increase of screw rotation 

speed; this was explained by slippage of material because of high rotation 

rates. Dwell time had very little effect on viscosity. On-line rheological 

measurements at the micro scale, with consideration of plastication, would 

give more precise rheological data.  

8.1.3 Conclusions on multi-scale feature replication  

1. A combined microinjection moulding capability was developed using Bulk 

Metallic Glass tool technology in this work. Multi-scale features from 

100µm to below 100nm were machined on a metallic glass tool 

(composition Zr47Cu45Al8) by Focused Ion Beam milling and Electrical 

Discharge Machining. Sub 5 micron features were shown to survive for 

more than 20000 moulding cycles. Also, the average surface roughness did 

not change much after 20000 moulding cycles.   

2. Using optical profilometry and FIB milling technology, the replication 

quality of multi-scale feature replication was characterized with respect to 

feature design, process, substrate etc. The minimum feature that could be 

replicated was as small as 100nm. Additionally, the BMG tool was polished 

with an average surface roughness of 6nm and the replicated polymer 

surface successfully had the same level of roughness. From replicating 

features of widths from 5µm to 0.3µm, it was seen that feature profile was 

related to melt flow direction. Ridge features aligned along the flow 

direction had sharp edges, while features aligned against the flow direction 

presented with rounded profiles, which were inclined with the flow 

direction. Ridges aligned along the flow direction and that were narrower 

than 1µm were more successfully filled than those that were aligned against 

the flow direction. There existed a critical width below which feature filling 

was significantly reduced. The maximum filling could only reach 90%. 

Channel features did not differ significantly when they were either aligned 

along/against flow direction. They were all fully filled.   
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3. The extent to which the alignment of a feature influenced the degree of 

replication was explained by a proposed schematic model. This was mainly 

attributed to air entrapment. A critical gap of 0.3µm was identified, below 

which the filling of features decreased significantly. When using Pebax as a 

moulding material, obvious evidence of air entrapment was observed on the 

top surface of replicated features. Feature replication was much more 

sensitivity than for HDPE. Some features that were aligned against the flow 

direction did not even fill. Furthermore, channel spacing had almost no 

effect on filling. The effects of feature location and substrate thickness on 

replication were related to local cavity pressure, which was confirmed from 

the morphology study of the microfeatures.  

4. The relationship between process and replication was characterized by a 

statistical analysis of peak cavity pressure and peak material contact 

temperature. For HDPE samples, since shot size was not optimised by a 

screw velocity based method, holding pressure was used to determine peak 

cavity pressure, while mould temperature determined contact temperature. It 

was found that both mould temperature and holding pressure had the most 

positive significant effects on feature filling.  

5. Using models for pressure driven flow and beam bending, it was found that 

melt filling and creep deformation would help replication of micro/nano 

scale features. Compared to capillary pressure, air pressure had a more 

important influence on local pressure distribution. Filling time was a critical 

factor for filling of micro/nano features and a 4µm wide feature solidified in 

3µs. To successfully fill such features, it would be necessary to use high 

speed injection and a variotherm mould heating system.  

8.1.4 Conclusions on morphology development  

1. Typical “skin-core” morphology was found for Pebax under the micro 

injection process, as similar to conventional injection moulding; there 

existed two core structures: a large spherulitic core and a non-spherulitic 

core. Whether either was formed depended on the degree of supercooling; 

the stable γ phase of PA12 was the main crystallization phase of Pebax 
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7033SA01; cold crystallization occurred for conditions which formed the 

large spherulitic core structure and this could be explained as the imperfect 

formation of large spherulitic crystals under high thermal gradient 

conditions.  

2. Morphology distribution was examined by transmission polarized light 

microscopy and reflected polarised light microscopy. Morphology at gate 

regions presented complex mixed patterns of a shear layer and a spherulite 

layer. A distinct tiny, medium, and large crystal transition at the entrance 

and exit of the gate was observed and their formation was explained in 

terms of shear rate, melt elasticity, and crystal re-melting. The skin layer 

gradually decreased along the flow direction, because of heat transfer and 

the reducing shear rates. The thickness of the fine grained and oblate layers 

gradually increased, since the thermal gradient increased as the skin layer 

became thinner along the flow direction. However, all of them finally 

disappeared at the part end, since shear rates were too small to create 

enough point nuclei. The part end was almost wholly composed of large 

spherulitic crystals. 

3. Morphology development was significantly influenced by process 

conditions; the thickness of the skin layer was determined by injection 

velocity and mould temperature; the fine grained layer was influenced by 

injection velocity, holding pressure and mould temperature; the oblate and 

core layers were controlled by mould temperature. We also found some 

irregular large spherulite phase that occurred between the skin layer and 

fine grained/core layer, which was because of a temperature increase due to 

local shear heating. Molecular orientation was determined by the thickness 

of the oriented layer, and injection velocity had a negative effect on the 

long period, while mould temperature had a positive effect. However, 

crystallinity did not change very much under all of the various process 

conditions, regardless of what structure was present in the core. A non-

spherulitic core was believed to be composed of many tiny crystals, which 

were not visible by polarised light microscopy.  
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4.  Skin ratio increased significantly up to 65%, when the cavity thickness 

reduced from 500µm to 100µm. The overall molecular orientation 

increased with a reduction of part thickness. However, the long period was 

similar for parts thicker than 300µm. Micro features presented interesting 

structures depending on material and process.  The skin layer was found to 

bend into feature cavities if they were located at a high cavity pressure 

region. If they were located at a low pressure region, such bending would 

not occur. From statistical analysis, creep deformation during the post-

filling stage could possibly increase feature filling. Microstructures of 

micro features were different for similarly sized microparts, mainly 

because of the material’s thermomechanical history. For HDPE, the 

structures of micro features was similar to that in the skin layer, while for 

Pebax, they were composed of large spherulites. 

5. Based on a dimensional analysis of non-isothermal flow conditions and a 

comparison with a “short shear protocol”, we found that a critical shear 

stress was a good candidate for determining the thickness of various 

morphological layers, since these stresses were consistent under various 

shear rates. The formation of a non-spherulitic core structure was explained 

using time-temperature-transformation (TTT) curves. All morphological 

features could be explained successfully using a new proposed schematic 

model.  

6. Bulk mechanical properties were characterized by tensile testing. Young’s 

modulus, Strain at break (elongation), Yield stress, and Yield strain were 

used to quantify mechanical properties. Modulus and the elongation of a 

micro specimen were smaller than the conventional material data, while 

yield stress and yield strain were much higher than conventional data. Skin 

ratio under various conditions determined the modulus, elongation and 

yield stress, which was similar to conventional injection moulding; but 

relationship between cavity thickness and mechanical properties is not 

uniform. Study of mechanical properties of micro specimen is pre-requisite 

for micro product design.  
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8.2 Original contributions 

The present work has made significant contributions to the scientific 

understanding of the micro injection moulding process regarding micro/nano 

feature replication and micro components, which are summarized as follows: 

1. This work firstly studied process dynamics of a typical reciprocating micro 

injection moulding machine in terms of the typical configuration of a small 

component with a much larger sprue and runner using process characteristic 

values (PCVs). A shot size optimization method was proposed, based on a 

basic understanding on process dynamics of a real moulding process from 

process characterization. This new method can serve to eliminate the effects 

of holding parameters on the filling process and highlights some of the 

differences between conventional injection moulding and micro injection 

moulding. 

2. Based on in-line process monitoring, rheological behaviour at the 

microscale in a real micro injection moulding process was analysed. The 

viscosity of polymer melts was controlled by non-isothermal flow 

conditions and wall slip. A stick-slip regime occurred and modified the 

levels of shear stress. Such stress variations could influence the formation of 

an oriented morphology and, in turn, influence final product properties. The 

analysis of this thesis also indicates that thermomechanical history, such as 

plastication, has a significant effect on rheology and needs to be considered 

in process and numerical simulations.  

3. A new micro/nano feature replication technology using micro injection 

moulding and Bulk Metallic Glass was proposed in this work. It was 

successfully proven that multiscale features ranging from millimetres to tens 

of nanometres could be patterned and replicated. Bulk Metallic Glass is an 

excellent alternative tool material for mass production of large parts with 

multiscale high quality micro/nano features. By using metallic glass inserts, 

it was possible to study in detail the replication behaviour of micro/nano 

features. Effect of process, material, feature design on feature replication 
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was detailed studied in this work. Process based control had to consider 

both microfeatures and their substrate. Characterization of issues regarding 

micro/nano feature replication has provided important basic knowledge for 

product design, moulding troubleshooting and process control.  

4. Morphology of injection moulded poly(ether block amide) has been studied 

in this work for the first time using the micro injection moulding process 

and in-line process monitoring. A number of special morphologies were 

firstly found as a result of extreme processing and microscale cavities, such 

as the existence of an irregular large spherulite layer between the skin and 

fine grained/core layers, a high skin to core ratio, high skin orientation, and 

a spherulite free core structure. The effect of processing on morphology 

evolution was evaluated and explained based on shear induced 

crystallization and thermal induced crystallization.  

5. A new method for comparing micro injection moulding with a “short shear 

protocol” was proposed to explain morphology development and this led 

directly to a method of using in-line process monitoring to control 

morphology. Morphological evidence of creep deformation at high pressure 

was found to influence the filling of microfeatures and the morphology of 

microfeatures was different from that of similarly sized micro parts. At the 

beginning of product design, it is particularly important to be aware of the 

difference properties between microfeatures, microparts and conventional 

material properties. This work also suggests control of the skin-core ratio 

can enable the control of mechanical properties.  

8.3 Recommendations for future work 

The recommendations for future work following on from this thesis relate to 

improving the understanding and application of micro injection moulding 

technology. They are divided into the following points: 

1. Process improvement: Because of fast solidification, short shot is easy to 

obtain for micro/nano features. A variotherm mould temperature control 

system is highly recommended, which would provide the benefits of higher 
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mould temperature at filling and fast solidification at cooling. A vacuum 

venting system is also recommended in order to evacuate micro/nano 

cavities so as to eliminate the effects of feature alignment and residual air 

pressure.  

2. Rheological study at the scale of tens of micrometers in a real moulding 

process:  a new system needs to be created to keep mould temperature as 

high as the melt temperature. A series of microchannels need to be designed 

in order to characterize the micrometer scale rheological behaviour of 

polymer melts, including wall slip and shear heating. This would provide 

highly robust rheological data for numerical simulation.    

3. Detailed study of morphology development of semi-crystalline polymer in 

micro injection moulding process using short-term shear like process: 

thermomechanical history should be eliminated and shear time/stress should 

be controlled. By using in-line process monitoring, such as PT sensors, X-

ray and infrared cameras, the nucleation process can be understood in a real 

moulding process. It is also possible to study the possible control variables 

of morphology development and to implement a numerical simulation 

scheme for morphology and final properties.    

4. Development of applications for combined micro injection moulding and 

Bulk Metallic Glass technology: some new micro manufacturing method 

should be implemented for BMG material. Applications regarding 

Microsystems, such as microfluidics and micro-optics, are valuable market 

to explore this technology.  

5. Characterization of morphology development of various grades of 

Poly(ether block amide) under micro injection moulding process: Pebax has 

a wide application for medical devices because of its diverse properties of 

different grades. Study on effect of micro injection moulding process on 

morphology of various grades of Pebax is useful for design device to 

combine various properties and also provides a way to understand effect of 

molecule composition on microstructure and properties.     
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6. Characterization of morphology of microscale features and its properties 

for both semicrystaline and amorphous polymers: because of small size, it is 

difficult to study the morphology and properties of microfeatures. However, 

knowledge on structure and properties of microfeatures are important for 

their application. Such work is high demanded.   

7. Development of numerical method to simulate filling of microscale features 

on a large substrate: it is desirable to acquire accuracy rheological data and 

implement simulation to consider microscale phenomena such as wall slip, 

viscous heating, and air pressure etc. for micro injection moulding.    

8. Failure behaviour of BMG: although BMG is a robust tool material for 

micro injection moulding, its life expectation is still less than conventional 

tool steel. Study of failure of BMG tool under real moulding process would 

be helpful for tool maintenance and for improving material performance.  
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