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Abstract: 

Crystallisation is gaining a lot of interest in pharmaceutical industry to help 

designing active ingredients with tailored physicochemical properties. Many 

factors have been found to affect the crystallisation process, including process 

parameters and material attributes. Several studies in the literature have 

discussed the role of these parameters in the crystallisation process. A 

comprehensive study is still missing in this field where all the significant terms are 

taken into consideration, including the square effect and the interaction terms 

between different parameters. In this study, a thorough investigation into the main 

factors affecting crystallisation of a polymeric system, processed via injection 

moulding, was presented and a sample of response optimisation was introduced 

which can be mimicked to suite a specific need. 

Three grades of pure polyethylene oxide; 20K, 200K and 2M, were first 

characterised using differential scanning calorimetry (DSC), thermogravimetric 

analysis (TGA), powder X-ray diffraction (PXRD) and shear rheometry. The onset 

of degradation and the rate varied according to molecular weight of polyethylene 

oxide (PEO). The peak melting temperature and the difference in enthalpy 

between melting and crystallisation were both in a direct proportion with PEO 

molecular weight. PEO200K and PEO2M struggle to recrystallise to the same 

extent of the original state at the tested cooling rates, while PEO20K can retain 

up to a similar crystallinity degree when cooled at 1 °C/min. Onset of 

crystallisation temperature (Tc1) was high for PEO2M and the difference between 

the 20K and 200K were pronounced at low cooling rate (20K is higher than 200K).  



ii 
 

The rheometer study showed that PEO2M has a solid-like structure around 

melting point which explains the difficulty in processing this grade at a low 

temperature via IM. PEO20K was almost stable within the strain values studied 

(Newtonian behaviour). For higher grades, PEO showed a shear thinning 

behaviour. The complex viscosity for PEO2M is characterised by a steeper slope 

compared to PEO200K, which indicates higher shear thinning sensitivity due to 

higher entanglement of the longer chains. 

For binary blends of PEO, the enthalpy of crystallisation studied by DSC was in 

direct proportion to the lowest molecular weight PEO content (PEOL %) in 

PEO20K/200K and PEO20K/2M blends. The effect of PEOL% on Tc1 became 

slightly pronounced for PEO20K-2M blends where Tc1 exhibited slight inverse 

proportionality to PEOL% and it became more significant for PEO200K-2M 

blends. It was interesting to find that Tc1 for the blends did not necessarily lie 

between the values of the homopolymers. In all binary blends, Tc1 was inversely 

proportional to cooling rate for the set of cooling rates tested. Thermal analysis 

using hot stage polarised light microscopy yields different behaviours of various 

PEO grades against the first detection of crystals especially where the lowest 

grade showed highest detection temperature. 

Visual observation of PEO binary blends caplets processed at various conditions 

via injection moulding (IM) showed the low-quality caplets processed at mould 

temperature above Tc1 of the sample. The factors affecting crystallisation of 

injection moulded caplets were studied using response surface methodology for 

two responses; peak melting temperature (Tm) and relative change in crystallinity 

(∆Xc%) compared to an unprocessed sample. Mould temperature (Tmould) was the 

most significant factor in all binary blend models. The relationship between Tmould 

and the two responses was positive non-linear at the Tmould ˂ Tc1. Injection speed 

was also a significant factor for both responses in PEO20K-200K blends. For Tm, 

the injection speed had a positive linear relationship while the opposite trend was 

found for ∆Xc%. The interaction term found in the RSM study for all models was 

only between the injection speed and the PEOL % which shows the couple effect 

between these two factors. Molecular effect was considered a significant factor 

in all ∆Xc% models across the three binary blends. The order of ∆Xc% sensitivity 

to the change in PEOL% was 3, 5 and 7 % for 20K-200K, 200K-2M and 20K-2M. 
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Chapter 1 

 

1 Introduction 
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Oral drug delivery is considered the most preferred drug delivery system available 

in the pharmaceutical market due to patient compliance, flexibility in the design 

of the end product and ease of manufacturing (Viswanathan et al. 2017). 

However, drug absorption from gastrointestinal (GI) tract can be problematic for 

many drugs that lack the required solubility and/or permeability. Several 

approaches have been suggested to overcome the issues of poor solubility for 

class 2 and class 4 drugs in bio-classification system (BCS). One of the 

approaches, solid dispersion, gained much attention as it overcomes the 

drawbacks of other conventional methods of improving the solubility and 

dissolution profile of poorly water-soluble drugs. One of these drawbacks is the 

risk of active pharmaceutical ingredients (API) degradation due to mechanical 

and thermal stress applied to the active ingredients during the process (Jagtap et 

al. 2018).  

Depending on the desired outcomes, crystalline drugs could be dispersed 

molecularly in an amorphous matrix and vice versa. As the state of the material 

plays a vital role in the solubility/stability profile, any change in the crystallinity will 

have significant effect on the solubility/stability profile of the drug and, hence, its 

bioavailability. This study will investigate the factors affecting the crystallisation 

process of pharmaceutical polymers in injection moulding process to optimise 

manufacturing of solid dispersion with tailored properties.  

The polymeric system used here consists of polyethylene oxide of three 

molecular weights and their blends. This chapter will prepare the ground for 

general understanding of the basic terms in this research: polymers, 

crystallisation and injection moulding. Polymers are explored in terms of 

synthesis, classification and applications in the pharmaceutical field. The 
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candidate polymer, PEO, is introduced in this section. Secondly, a brief 

description of the crystallisation process is presented; steps of crystallisation and 

the main factors affecting the crystallisation process. Finally, the concept of 

rheology and viscoelastic properties of polymers is explained, and the injection 

moulding technique is introduced. 

1.1 Polymers 

Polymers are defined in simple terms as “many parts” according to the Greek 

origin of the word (Gedde 1999). Scientifically, the term “polymers” refers to 

macromolecules which have repeating units (monomers) alongside their chains. 

These macromolecules have a unique behaviour compared to small molecules. 

The latter have discrete, well defined properties, while polymers are assumed to 

have continuous properties due to varying microstructure, topology, monomer 

sequence and number of monomer per chain (Brady et al. 2009). One clear 

example of a continuous property is the molecular weight which will be discussed 

later in this chapter. 

Polymers have played an essential role in medical and pharmaceutical fields. 

Although they weren’t originally intended to be used in pharmaceutical dosage 

forms, polymers are now considered as one of the main components in drug 

delivery systems especially solid oral dosage forms (Kim 2004). Recently, smart 

polymeric drug delivery systems (Table 1.1) have been developed to control the 

properties of the final dosage forms in terms of bioavailability, administration, 

stability and drug release (Al-Tahami and Singh 2007). To understand their role, 

polymers will be briefly explored to investigate their synthesis, classification, 
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characterisation and applications in pharmaceutical field. PEO will be introduced 

as a candidate polymer for this research. 

Table 1-1 Smart polymeric systems  
 

Polymer Type Application Advantages Examples 

Temperature 
sensitive 
polymers 

(Bochot et al. 
1998) 

Sol-gel transition 
Absence of 

organic solvents 

PEO- PPO- PEO 
triblock 

copolymers 

Phase sensitive 
polymers 

(Ravivarapu et 
al. 2000) 

- Phase sensitive 
injectable polymeric 

systems 

- Controlled release 
of several proteins 

Ease of 
manufacture for 
sensitive drug 

molecules. 

Polylactides, 
polyglycolides, 

poly (amino 
acids), PVPD, 

PEG, chitin 

pH-sensitive 
polymers 

(Qiu and Park 
2001) 

Insulin release from 
gel 

Sol-gel 
transition over 
compatible pH 

ranges 

Anionic: PAA or 
its derivatives 

Photosensitive 
polymers 

(Subramanian 
et al. 2000) 

Temporary 
protection of tissue 
surfaces, sealing 
tissues together 

Relatively 
steady release 

from 
photosensitive 
formulations 

Macromers 

 

1.1.1 Polymer Synthesis 

Synthesis process of polymers is called polymerisation which is defined as the 

chemical reaction in which two or more monomers (polymers building blocks) are 

combined together to form a polymer. Polymers for pharmaceutical use can be 

obtained either from a natural source or synthesised in the lab.  

The first method of production involves modifying the structure of a naturally 

occurring polymer, such as cellulose, by altering the active site of the polymer 
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chain. For synthetic polymers, polymerisation reactions take place in four steps 

triggered by the decomposition of an initiator to produce primary free radicals. 

These radicals activate the polymerisation of the monomers and constitute the 

basis which they will be built upon. If the monomers existing in the synthesis 

media share the same structure, the process is called free radical homo-

polymerisation (examples include: polyvinylpyrrolidone, PVP, and its derivatives).  

On the contrary, free radical copolymerisation involves reaction of free radicals 

to at least two different monomers in an alternative, block or random way 

depending on the monomer’s reactivity ratios at each addition step (such as in 

carbomers). Compared to the previous addition polymerisation, step 

polymerisation “condensation” does not involve addition of monomers to the free 

radicals. Instead, two monomers with two reactive functional groups are linked 

together covalently to produce a new polymer like silicone and a water molecule 

as a by-product. Ring-opening polymerisation is another way of synthesising 

polymers by opening the cyclic structure of the monomers and carrying out further 

steps of poly-addition. Polymers produced by this method for pharmaceutical 

applications could be either biodegradable (e.g. Glycolic acid) or non-

biodegradable (e.g. ethylene oxide) (Kim 2004). 

1.1.2 Polymer Classification 

Due to wide range of polymer’s structure and behaviour, one way of categorising 

polymers will not be enough to cover all these variations. The previous paragraph 

underlines the first classification system according to the source of polymers, 

more specifically the mechanism of polymerisation. The early classification made 

by Wallace Carothers considered two main mechanisms of polymerization; 

addition and condensation (Plate and Papisov 1988). Later on, the classification 
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is extended to include free radical homo-polymerisation, free radical 

copolymerisation and ring opening polymerisation as explained in section 1.1.1.  

Another approach of classifying polymers looks into the morphology of the 

polymer’s chain. Polymer’s structure could be linear, branched or cross-linked 

depending on the interaction on the side chain of the backbone. These 

differences in the morphology have a great influence on the polymer’s properties 

and behaviour. For example, cross-linked polymers cannot be dissolved at all. It 

might instead swell by a suitable solvent. Looking into the microstructure of 

polymers, another sub-classification of the morphology divides the polymers 

according to the monomers sequencing into homo-polymers and co-polymers 

(Kim 2004).  

Polymers can also be categorised in terms of processability upon heating into two 

main groups: thermoplastics and thermosets. Thermoplastics (linear or branched 

polymers) tend to flow/soften under heat application and can be reshaped by 

cooling down the polymer below its glass transition temperature (Tg) or 

crystallisation temperature. The most important attribute of thermoplastics is their 

ability to retain the same properties when re-processed repeatedly as long as no 

thermal degradation takes place. In contrast, thermoset polymers behave 

differently. During the thermosets polymerisation or thermal treatment (curing), 

the polymer’s chains interact covalently forming a network structure which cannot 

be broken upon heating. The structure of thermoplastics allows them to interact 

with solvent molecules and easily dissolve whereas thermosets, due to steric 

hindrance and absence of free radicals, have no free active sites to interact with 

solvents (Fried 2014). 
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1.1.3 Molecular Weight of Polymers  

Molecular weight, gross topology and monomer sequencing are very important 

attributes which shape the final properties of the polymers. However, accurate 

determination of these attributes is challenging in case of gross topology 

(branching and cross-linking) and impossible in case of monomer sequencing. In 

contrast, molecular weight averages are determined directly by simple 

techniques. As a result, molecular weight and its distribution are considered the 

most important physical attributes in polymers that can be measured readily by 

direct methods. The ease of measuring the molecular weight makes it available 

for many structure-property relationship studies (Brady et al. 2009). 

Molecular weight of a molecule is the sum of the atomic weights of the atoms 

(building blocks) contained in that molecule. For polymers, building blocks are the 

monomers and the sum of these monomer’s weights in a polymer chain is the 

molecular weight of that polymer. Due to various termination points of polymer 

chain during synthesis process, the number of monomers per chain varies 

leading to a range of molecular weights instead of one discreet value (Kim 2004). 

Accordingly, it is scientifically inaccurate to define the polymer by a single 

molecular weight figure. Instead, molecular weight distribution gives an idea 

about the weight fraction for each existing molecular weight in the polymer (figure 

1.1).  

http://chemistry.about.com/od/chemistryglossary/a/atomicweightdef.htm
http://chemistry.about.com/od/chemistryglossary/a/atomdefinition.htm
http://chemistry.about.com/od/chemistryglossary/g/moleculedef.htm


8 
 

 

 

As defined earlier, polymers have continuous properties compared to small 

molecules which explains the relative various behaviour of random specimens 

taken from the same average molecular weight polymer (Brady et al. 2009).  

Discrete molecular weight distribution highlights some important averages which 

give more precise idea than a single molecular weight value. The following 

equation defines the average molecular weight (�̅�) for discrete molecular weight 

distribution (Brady et al. 2009):   

 �̅� =
∑ NiMi

α
i

∑ NiMi
α−1

i
   Equation (1.1) 

Where 𝑁𝑖 is the number of chains of particular molecular weight 𝑀𝑖 and the index 

‘α’ is a weighting factor.  

The total weight (𝑊𝑖) of polymer chains for a particular molecular weight (Mi) is 

given by (Brady et al. 2009):  

𝑊𝑖 = 𝑁𝑖𝑀𝑖    Equation (1.2) 

Mw 
Mn 

N
u

m
b
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Molecular weight 

Figure 1-1 Typical molecular weight distribution of polymers. Mn: number average 
molecular weight. Mw: weight average molecular weight. 
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Among many average molecular weights recognised in literature, two widely used 

averages are expressed here. If α=1, the average molecular weight reflects a 

statistical average of all polymer chains in the entire polymer. The new average 

is called number average molecular weight (�̅�𝑛), and is defined by (Brady et al. 

2009):  

M̅𝑛 =
∑ Ni𝑀𝑖i

∑ Nii
=

∑ 𝑊𝑖i

∑ (𝑊𝑖 𝑀𝑖)⁄i
    Equation (1.3) 

Equation (1.3) can be re-written as summations where the fractional coefficients 

is the number of chains fraction and the total number of chains 𝑁 = ∑ 𝑁𝑖, thus, 

M̅𝑛 =
∑ Ni𝑀𝑖i

∑ Nii
=

∑ Ni𝑀𝑖i

𝑁
=

𝑁1

𝑁
 𝑀1 +

𝑁2

𝑁
 𝑀2 + ⋯ = 𝑓1𝑀1 + 𝑓2𝑀2 + ⋯      

        Equation (1.4) 

If α=2, the average molecular weight takes into consideration the molecular 

weight of the chains and it becomes weight average molecular weight (�̅�𝑤) which 

defined by (Brady et al. 2009): 

  M̅𝑤 =
∑ Ni𝑀𝑖

2
i

∑ Ni𝑀𝑖i
=

∑ 𝑊𝑖𝑀𝑖i

∑ 𝑊𝑖i
     Equation (1.5) 

Equation (1.5) can be re-written as summations where the fractional coefficients 

is the weight fraction and the total weight 𝑊 = ∑ 𝑁𝑖𝑀𝑖, thus, 

M̅𝑤 =
∑ Ni𝑀𝑖

2
i

∑ Ni𝑀𝑖i
=

∑ WiM𝑖i

W
=

𝑊1

𝑊
 𝑀1 +

𝑊2

𝑊
 𝑀2 + ⋯ = 𝑓1𝑀1 + 𝑓2𝑀2 + ⋯       

        Equation (1.6) 
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Weight average molecular weight �̅�𝑤 should be considered when studying bulk 

properties of polymers such as rheological properties, thermal transitions and 

deformation. 

The ratios of the molecular weight averages are an important characteristic factor 

which describes the width of molecular weight distribution. Among these ratios, 

weight average molecular weight to number average molecular weight is the most 

common ratio available in polymer description and is widely called “polydispersity 

index” (Fried 2014). Polydispersity index measures the dispersion of the 

molecular distribution, i.e. how uniform are the chains of the polymers in terms of 

length (molecular weight). The narrowest polydispersity index for synthetic 

polymers could be as small as 1.02 (Agilent Technologies 2011). On 2009, 

International Union of Pure and Applied Chemistry “IUPAC” recommended to use 

the term: molar-mass ratio as a replacement of polydispersity index (Stepto 

2009). 

Many polymer characteristics, such as mechanical properties, thermal transitions 

and solution/melt viscosity are molecular weight dependant (Fried 2014) (figure 

1.2). This phenomenon is attributed to the concentration of the polymer chain end 

which plays major role in polymer mobility and flexibility. For the same amount of 

material, low molecular weight polymers are manifested by shorter chain length 

and higher concentration of chain end (higher chain number) when compared to 

higher molecular weight polymers. The abundance of chain ends in low molecular 

weight polymers is associated with greater mobility and larger free volume which 

leads to high plasticity. In contrast, high molecular weight polymers present with 

longer chain and low concentration of chain end which leads to high elasticity 

(Brady et al. 2009). In general, increasing the molecular weight of the polymers 



11 
 

results in increasing in the tensile strength and elongation of the polymer films 

(Prodduturi et al. 2004). It also leads to an increase in the elastic modulus and 

fails to produce strong tablets by direct compression due to high post ejection 

elastic recovery.  

 

 

 

 

 

 

Figure 1-2 General relationship between molecular weight and mechanical properties of 
polymers. A: low molecular weight polymers. B: high molecular weight polymers. 

 

Molecular weight also affects the thermal properties of polymers. For example, 

glass transition temperature (Tg) is found to be lower in low molecular weight 

polymers. This phenomenon can be explained on the basis that low molecular 

weight polymers have more chain end concentration which is associated with 

more excess free volume and higher mobility; hence a lower Tg value. The same 

concept applies for the melting point temperatures (Tm) where the increase in 

molecular weight yields an increase in the melting point temperatures (Brady et 

al. 2009). 

The viscosity of the polymer solution/melt is proportional to the molecular weight 

of that polymer. As the molecular weight increases, the solution/melt shifts from 

viscous to elastic. For high molecular weight polymers, the long chains occupy 
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large volume in the solution/melt and entangle with each other leading to more 

elastic solution/melt when compared to lower molecular weight polymers. The 

previous observation works better with linear polymers as the branched ones may 

have a high molecular weight but occupy relatively smaller volume compared to 

linear polymers with the same molecular weight.  

The relationship between the molecular weight of the linear polymers and the 

solution viscosity is given by Mark-Houwink equation (Lodge and Poul C. 

Hiemenz 2007): 

η = KMa   Equation (1.7) 

Where 𝜂 is the intrinsic viscosity (nominal viscosity), 𝑀 is the weight average 

molecular weight and 𝐾 and 𝑎 are constants related to polymer, temperature and 

solvent system.  

The results of the measurement of molecular weight depend mainly on the 

technique used. Number average molecular weight (Mn) is determined by 

techniques which rely on the colligative properties of the polymer, i.e. number of 

polymer chains in the solution. The techniques include osmotic pressure, boiling 

point elevation and vapour pressure lowering. Weight average molecular weight 

(Mw), on the other hand, is measured by scattering techniques such as light 

scattering. Recently, the most common technique used for molecular weight 

determination is Size Exclusion Chromatography (SEC). Viscometry is also used 

for the same purpose (Hosier et al. 2004). 
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1.1.4 Polyethylene Oxide 

Choosing the right polymer is a key step in developing pharmaceutical dosage 

forms. In order to achieve the quality attributes for specific production technique, 

physicochemical properties and other characteristics of the candidate polymer 

should be investigated.  

Polyethylene oxide is a white free flowing hydrophilic polymer with a wide range 

of thermal and mechanical properties depending on its molecular weight. 

Therefore, it is widely used in various industries. including the production of 

paper, mining, pharmaceuticals, and cleaning products (Cimmino et al. 1978). In 

the pharmaceutical industry, it is very common to use PEO as a safe, 

biocompatible excipient in pharmaceutical dosage forms (Shah et al. 2014). The 

applications vary according to the molecular weight used. For instance, it can be 

used as a binder, reducing agent, plasticiser, lubricant and matrix for modified 

drug release formulations. Being a thermoplastic polymer offers processing 

flexibilities via hot melt extrusion (HME), injection moulding (IM), calendaring and 

film casting (Kim 2004). The low glass transition temperature (Tg), around - 55 

°C, convenient melting temperature (Tm), around 65 °C, and high decomposition 

temperature in air, above 200 ˚C, allow PEO-drug blends to be safely processed 

through HME and IM at relatively low processing temperatures (Hall and Read 

2012).  

PEO is synthesised by ring opening polymerisation process and consists of 

ethylene oxide monomer as a repeating unit. Polyethylene glycol (PEG) is 

another synonym of PEO and share the same chemical structure (figure 1.3) but 

only differs in the number of monomers per unit chain (molecular weights) with 

higher molecular weight for PEO.  
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Figure 1-3 Chemical structure of PEG/PEO 

 

PEO (and PEG) molecular weights range from 300 to 8,000,000 which offer wide 

range properties for various pharmaceutical applications. The strength of gel 

formation upon water contact, the cohesive strength of films and the 

swelling/erosion mechanism all depends on the molecular weight of PEO (Kim 

2004). Using PEO 900K ensures constant drug release from theophylline and 

diltiazem compressed tablet due to synchronisation between swelling and 

erosion at the surface of the tablet. By contrast, swelling of the polymer governs 

the release rate more than erosion in high molecular weight PEO (for example 

PEO 2M) which results in non-constant release rate of the drug from the tablet. 

This difference in mechanism based on molecular weight controls the drug 

release behaviour in water soluble drug delivery systems (Kim 1995). Moreover, 

the drug release rate can be tailored to suit a specific need by choosing the right 

combination of molecular weight, molecular weight distribution and blends of 

various molecular weights (Cappello et al. 2006).  

As a result of its unique properties (figure 1.4), PEO is the ideal polymer to be 

used in this research. The presence of high molecular weight PEO in the 

formulations produced by shear-inducing technique, such as HME and IM, is 

proposed to have a large impact on the end product attributes. The processed 

polymer chains will orient themselves towards shear direction resulting in various 

crystal structures like shish-kebab compared to spherulites produced under 

quiescent conditions (T G Mezger 2014a). This variety of structures has 
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consequences on end product properties such as drug release patterns (Hall and 

Read 2012).  

The following section will introduce the crystallisation as a general concept to 

prepare the ground for the understanding of the factors affecting crystallisation of 

polymeric drug formulations. 

 

Figure 1-4 Physical, mechanical and pharmaceutical properties of PEO (Adapted from 
Shah et al. 2014) 

  

Physical properties

- Tm: 62 to 67 °C 

- Tg: -50 to -57 °C

- Bulk Density: 19 -
37 lb/ft3

- Moisture content: 
˂1% 

- Molecular weight: 
300 - 8,000,000 Da

Mechanical properties

- Thermoplasticity

- Wide range of 
viscosity

- Shear thinning 
polymer 

Pharmaceutical 
properties

- High binding 
efficiency

- Lubricity and 
plasticising effect 

- Fast hydration and 
gel formation

- Timed release 
matrix

- Low toxicity 
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1.2 Crystallisation 

All substances in nature consist of particles packed together randomly 

(amorphous), in an ordered structure (crystalline) or in partially ordered regions 

(semi-crystalline). These structures are responsible for the function and 

properties of the materials including solubility, conductivity and mechanical 

properties. The 3-dimensional ordered structures, crystals, are widely found in 

pharmaceutical industry.  

Crystallisation process is extensively investigated in literature to explore the 

parameters affecting it. Deep understanding of these parameters and interaction 

between them facilitates the production of final products with tailored desired 

properties (quality by design).  

1.2.1 Process of crystallisation 

Crystallisation process takes place in melts or solutions in order to reach lower 

free energy state for the system. The resultant crystalline solids are hence more 

stable than the previous unordered state and tend to precipitate in solution as a 

result of decreased solubility during the transformation. 

Crystallisation may develop from three different media; solution, melt and glassy 

state (amorphous solid). Clear division between the three preparation methods 

are difficult to establish. However, the final crystalline structure may vary 

according to the technique used. For example, polymer isothermal crystallisation 

from solution results in well-defined single crystal formation. On the other hand, 

high chain entanglements in polymer melt restrict polymer chains diffusion 

leading to the formation of imperfect polycrystalline structures called spherulites 
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(Wilkinson and Ryan 1998). In this section, the main concept of crystallisation will 

be introduced with more attention paid to polymer melt crystallisation. 

Polymer melt crystallisation is a complex phenomenon characterised by high 

viscosity, highly entangled chains and the absence of hazardous solvent which 

makes it a safer alternative to the commonly used solution crystallisation 

(Jansens and Matsuoka 2000). It normally takes place in a range of temperature 

between glass transition temperature (Tg) and melting temperature (Tm) for 

semicrystalline polymers. Above Tm, polymer chains are in a molten state (high 

motion) and below Tg they are in a frozen state. The region in between these two 

limits has a sufficient mobility to form crystalline structures (Chen 2012). Despite 

many studies, spherulites production by melt crystallisation is yet to be fully 

understood (Rastogi 2008). Fortunately, spherulites evolution is a slow process 

and can be detected by real-time hot stage microscopy (HSM) from the stable 

nucleus until impingement of adjacent spherulites occurs (Speranza et al. 2014). 

Numerous factors have been found to influence the rate and mechanisms of 

crystallisation process. These factors could be categorised into 3 main subjects: 

molecular recognition, thermodynamic and kinetic factors (Rodriguez-Hornedo et 

al. 2006). While the first two factors believed to play an important role in 

crystallisation process, reproducible outcomes are assigned to the kinetic factors 

such as supersaturation, nucleation and growth rate. For polymer crystallisation, 

additional factors should be considered such as polymer microstructure, tacticity, 

chains stiffness, polarity of end groups, orientation and shear effect (Chen 2012). 
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It is therefore very important to introduce the three common stages of 

crystallisation process; supersaturation (for solution crystallisation), nucleation 

and crystal growth in some details to aid better understanding of the process. 

1.2.1.1 Supersaturation 

The term solubility has been applied to equilibrium state of solution where solute 

concentration reach maxima under specified conditions of temperature and 

pressure (Jones 2002). Although this is a quite simple definition, accurate 

solubility determination is hardly obtained due to difficulties in reaching 

equilibrium state in the solution (Schwartz and Myerson 2002). Solubility can be 

affected by a number of factors such as the presence of a third component in the 

solution (anti-solvent/impurities) and particle size of the crystals (Jones 2002). 

Supersaturation gives an idea about the rate of crystal phase formation and 

considered as the driving force for solution-based crystallisation. When the solute 

concentration exceeds the maximum value in the equilibrium state (solubility) for 

particular pressure and temperature, the solution system will be supersaturated, 

and metastable state will be reached. Metastable phase is a state of the system 

where a little disturbance could transform the system into more stable one. The 

more supersaturation achieved the quicker phase transformation occurs. This 

means that supersaturation is a conditional requirement for crystallisation 

process but reaching this state does not necessarily guarantee phase 

transformation. In order for a process to be spontaneous, Gibbs free energy 

change should be negative. In metastable phase, Gibbs free energy change of 

the small aggregates was found to be positive which explain why the aggregates 

dissolve immediately upon formation. When the aggregates reach critical cluster 
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size, Gibbs free energy change will be negative and nucleation will proceed 

(Schwartz and Myerson 2002).  

Methods for generating supersaturation in solution-based crystallisation fall under 

two categories:  

(1) decreasing solute solubility such as change of pH/temperature, anti-solvent 

and salting out; (2) increasing solute concentration such as solvent removal and 

dissolution of metastable solid phase (Rodriguez-Hornedo et al. 2006). Choosing 

the right method could be facilitated by pre-defining the equipment used in the 

process, the production rate required and saturation-supersaturation diagram 

(Schwartz and Myerson 2002). 

Saturation-supersaturation diagram, also called equilibrium phase 

diagram, is a useful tool to understand when crystallisation process 

takes place and define the region of spontaneous nucleation (figure 

1.5). The diagram is divided into three zones: 
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Figure 1-5 Saturation-supersaturation diagram; A) Stable zone, B) Metastable Zone and 
C) Labile zone 
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A. Stable zone (below saturation limit): crystals formed are readily 

dissolved in the solvent.  

B. Metastable Zone (between saturation limit and supersaturation limit): 

supersaturation zone where nucleation might take place. In this zone, 

crystal growth is predominant over nucleation.  

C. Labile Zone (above supersaturation limit): supersaturation zone 

where nucleation is mostly and spontaneously taking place. In this 

zone, nucleation is predominant over crystal growth. 

Supersaturation limit (metastable limit) is useful tool that help choosing the right 

method for crystallisation process. However, accurate measurements are difficult 

to obtain due to interfering by number of factors such as agitation, impurities, 

cooling/evaporation rate, solution history etc. (Schwartz and Myerson 2002). 

Experimental methods for measuring metastable zone width are restricted by 

virtue of time and effort limitations. Instead, verified models have been suggested 

for several nucleation processes in both seeded and unseeded solutions (Kim 

and Mersmann 2001). 

The main driver for the nucleation process and further crystal growth is the 

change in chemical potential (∆µ) which is described in the following equation: 

     ∆𝜇 =
∆𝐶

𝐶∗ =
(𝐶−𝐶∗)

𝐶∗   Equation (1.8) 

where C is the solute concentration at a given supersaturation point and C* is the 

solute concentration at equilibrium point (Urphy 1999). 

In melt crystallisation, the non-equilibrium condition required for crystallisation is 

achieved by reduction of temperature, the so-called undercooling. Undercooling 
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is the measurement of supersaturation of the system and it has specific limit to 

be overcome in order for nucleation to start. Although it is prerequisite for 

nucleation process, increasing undercooling possess a drawback of increasing 

the viscosity as a result of reduction of temperature. Consequently, flexible 

movement of the molecules will be hindered and incorporation of these molecules 

to the growing crystal will be restricted (Tähti 2004). 

1.2.1.2 Nucleation 

Nucleation is the first fundamental step in crystallisation process which lead, once 

established, to the second step; crystal growth. When the crystallising media 

reaches supersaturation, the system will be no longer stable and will try to move 

back towards stable state as long as the transformation is thermodynamically 

favoured. In kinetic terms, nucleation is defined as the process of embryo 

(nucleus) emergence in supersaturated media which works as a substrate for the 

following crystal growth. 

Nucleation process is of great importance in terms of kinetic stability. With crystal 

growth, it also shapes crystal characteristics such as particle size and particle 

size distribution and help produce the desired polymorph selectively (Rodriguez-

Hornedo et al. 2006). 

Nucleation takes place in supersaturated media when the crystallising 

component starts to aggregate and form metastable solid phase. The basic factor 

in the aggregation of the crystallising component is the binding energy of the 

particles. Nucleation site (pre-nucleus) will bind to adjacent particle which has the 

lowest binding energy in the locality. The metastable aggregates dissolve and 

reform repeatedly until stable nuclei in nanometre size are reached. The reason 
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behind this transformation is the tendency of the system to move from the high 

energy of unstable supersaturation state into low energy of stable system 

(crystals) which is thermodynamically favoured (Shariare 2011). 

To better understand the mechanism of nucleation, classification system should 

be defined. No agreement was reached on one standard classification in the 

literature which necessitates pre-definition of the nomenclature used in this 

review (Mullin, J 2002). 

Nucleation could be classified into two distinct types: primary and secondary 

nucleation. The difference between these two types is the presence of crystalline 

surfaces in the supersaturated media. Primary nucleation occurs in the absence 

of crystalline matter while the later one is induced by the presence of crystalline 

surfaces which participate and interact with the environment (Schwartz and 

Myerson 2002). 

Primary nucleation is subdivided into homogeneous and heterogeneous 

subdivisions. Primary homogeneous nucleation is a term frequently used in the 

literature, but practically speaking it is not so common in industrial crystallisation 

especially in large volumes of solutions where the presence of impurities is 

inescapable. This mode of nucleation is only obtained from a clear solution in 

high level of supersaturation. Thermodynamic considerations of this mode are 

given by the free energy equation: 

∆𝐺 = ∆𝐺𝑣 + ∆𝐺𝑠  Equation (1.9) 

where ∆𝐺 is the free energy change for the formation of the new phase, ∆𝐺𝑣 is 

the free energy change for the phase transformation (a negative value) and ∆𝐺𝑠 
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is the free energy change for the formation of the nucleus surface (a positive 

value) (Schwartz and Myerson 2002). Further equations have been derived under 

specific assumptions of shape and other factors (Rodriguez-Hornedo et al. 2006; 

Schwartz and Myerson 2002; Mullin, J 2002). These equations describe the 

kinetic terms of nucleation process (nucleation rate, supersaturation, etc.) and 

show the correlations between these factors. The most important factor in 

nucleation process is the nucleation rate, J, which is defined as the number of 

stable nucleus generated in the supersaturated solution per unit time per unit 

volume. Nucleation rate measurement is considered the main challenge in 

crystallisation process. Accurate measurement of J and relations to other process 

parameters is problematic in both theory and practical (Kashchiev 1995).  

The second type of primary nucleation, heterogeneous nucleation, is of practical 

importance in industrial crystallisation as the avoidance of impurities in 

crystallising media is almost impossible. The presence of these impurities will 

facilitate the nucleation process by lowering the free energy required for the 

formation of the stable nucleus (Rodriguez-Hornedo et al. 2006). But this is not 

always the case, foreign bodies, on the other hand, might inhibit nucleation 

process. Prediction of the role of impurities exist in the crystallising media is not 

yet possible (Mullin, J 2002). Addition of known surfaces intentionally would 

overcome the problem of heterogeneous or secondary nucleation by unknown 

impurities and make the outcome more expectable. Collections of different 

organic crystal surfaces have been studied in terms of activity and crystal 

properties so the additive could be chosen selectively to produce the required 

polymorphs or search for new ones (Ward 1997). 
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Secondary nucleation, the second main type of nucleation, is mediated by the 

presence of crystals of crystallising component as a result of the interaction of 

these crystals with the physical surfaces in crystallising medium. This type of 

nucleation overrides the primary one as it is more common and easy to generate 

crystals at low supersaturation. Several mechanisms have been suggested 

where crystallisation is provoked by contact, fluid shear, attraction, fracture, 

needle with presence of parent crystals in the solution medium (Jones 2002). 

Amongst those mechanisms, contact secondary nucleation is considered the 

most important and common way of crystal production in agitation-mediated 

crystallisation. It is possible nowadays to obtain crystals with the desired 

properties in terms of nucleus numbers and particle size distribution. In addition, 

the two steps process, nucleation and crystal growth, could be processed 

separately for the sake of better controlling each step (Wong et al. 2013). 

 In polymer melt crystallisation, entangled chains undergo conformational 

changes to create stable nucleus. The process depends primarily on temperature 

of the melt (Speranza et al. 2014). Nucleation only starts when the undercooling 

limit is overcome and the temperature drop down below the melting point of 

semicrystalline polymer (Chen 2012). Two factors have been found to impede the 

nucleation process in polymer melt crystallisation; un-controlled cooling which 

affects diffusion coefficient of the molecules and entanglement of polymer chains 

(Wilkinson and Ryan 1998). 

1.2.1.3 Crystal Growth 

The next step of crystallisation process starts when the aggregates reach a 

critical cluster size and become thermodynamically stable nuclei. The nuclei 

evolve into macroscopic crystals by the addition of soluble/molten crystals from 



25 
 

the local medium. Crystal growth is of great importance in crystallisation process 

as it shapes, with nucleation, the final crystals properties such as mechanical 

properties and particle size distribution. Although theories of crystal growth are 

complex and have some limitations, they provide important insights into crystal 

growth understanding and hence crystallisation development (Schwartz and 

Myerson 2002).  

Stable nucleus engages in a series of steps in order to become tangible crystals. 

These steps could be categorised into two main stages:  

1- Diffusion stage; the growth unit is transported from the local medium to the 

construction site. If this stage is slower than further steps, then crystal growth is 

said to be diffusion controlled. 

2- Surface integration stage; the growth unit at the site of construction is adsorbed 

and incorporated into the lattice, releasing heat of crystallisation. The other 

possible way for the growth unit is to be resolved and to return back to bulk 

solution/melt depending on energetic favoured direction. If this stage is slower 

than the diffusion stage, then it becomes the rate-limiting step for crystal growth. 

Surface integration stage is subdivided into three steps: adsorption of the growth 

unit to crystal surface, movement from adsorption site to growth site where growth 

is energetically favoured and integration into the lattice, respectively. Depending 

on the roughness of the surface, the suggested growth mechanisms could be 

continuous or layer-by-layer (Rodriguez-Hornedo et al. 2006).  

Growth unit adsorbed to crystal surface moves along the surface until it reaches 

growth site where it is incorporated into the lattice. From an energetic point of 

view, kinks on the crystal surface have more chance to take in a new unit as they 
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have three attachments surfaces (Cubillas and Anderson 2010). When the 

growth units fill in all the kinks on the growing step, new step should be generated 

in order for the growth to carry on. Two theories are proposed for producing steps: 

2-D nucleation and screw dislocation theories with the former one occurring at 

high supersaturation while the later one occurs at low supersaturation (DeYoreo 

and Vekilov 2003). 

Several theories have been proposed to describe crystal growth process. The 

most common ones are surface energy theories, diffusion theories and 

adsorption theories. Surface energy theories, proposed by Gibbs (1928) and 

Wulff (1901), suggest that the growth of crystal faces is driven by the surface free 

energy. As discussed earlier, growth units are only incorporated into the lattice if 

the process is energetically favoured. This assumption provides the final crystal 

form at equilibrium with its surrounding with the minimum free energy. The lack 

of consideration of the supersaturation effect and solution movement led to 

inaccurate measurement of crystal growth rate and constrained the general 

application of this theory.  

Volmer’s work (1939) with other’s contributions proposed the adsorption theory 

of crystal growth. This theory is based on thermodynamic concept. The growth 

unit adsorbs onto the crystal surface, loses one degree of freedom, and moves 

over the surface until it reaches the active growth site (mostly kinks). When all 

the kinks at the adsorption layer (step) are fully occupied, a new step is created 

on top of the crystal surface under the suggested mechanism of 2-D nucleation. 

Diffusion-reaction theories are based on the work of Noyes and Whitney (1897) 

which define the crystallisation as the opposite process to dissolution of solid 

form. In this theory, the growth of crystals is considered as diffusional process 
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and the rate of both dissolution and crystal growth is proportional to the difference 

in concentration between the bulk solution and the growing crystal surface 

(Mullin, J 2002). 

Although theories of crystal growth help understand the growth process, it fails to 

predict the growth rate and the final crystal shape precisely. Inaccurate prediction 

of the kinetics and thermodynamics of crystal growth is aroused from inadequate 

consideration of all the factors and conditions of the process such as temperature, 

impurities, supersaturation, change of solvent and others. The need of a theory 

that takes all these factors into consideration is yet required to avoid the common 

problem in crystallisation process: batch-to-batch variation. With such a theory, 

consistent production of same polymorph will be possible in the crystallisation 

industry (Jones 2002). 

The kinetics of crystal growth differs between growths from solid, melt and 

solution. Unlike nucleation, crystal growth in polymer melt crystallisation does not 

have to overcome specific undercooling limit to start (Tähti 2004). The rate 

limiting step for crystal growth from solid or solution is the mass diffusion, while 

in growth from melt the kinetics of attaching polymer chains to the crystal lattice 

plays the most important role. Two extreme temperatures should be avoided 

when growing crystals from the melt. At high temperature above Tm, dispersion 

of the polymer chains at the interfaces will terminate the process. On the other 

hand, temperature below Tg will reduce the diffusion coefficient and impede the 

transition of the chains from the locality to the growth site. Accordingly, the ideal 

temperature for crystal growth in semicrystalline polymers melt lies between Tm 

and Tg (Wilkinson and Ryan 1998). 
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1.2.2 Polymorphism 

Polymorphs refers to crystals which have same chemical structure but different 

molecular arrangements in terms of unit cell parameters. Consequently, 

polymorphs have different physical properties such as solubility, dissolution rate 

and melting temperature. Emergence of unpredicted polymorphs during 

manufacturing could lead to serious consequences on drug administration and 

bioavailability in pharmaceutical industry (Shargel and Yu 2006).    

Lack of understanding, and hence, controlling the process parameters in 

crystallisation may results in unpredicted phase transformation or undesired 

polymorphs formation. This is exemplified in the documented cases of 

disappearing polymorphs which, under some conditions, have been replaced by 

more stable ones (Dunitz and Bernstein 1995). ABT-232, a potent uro-selective 

α 1A agonist, is an example where unexpected phase transformation took a place 

and caused loss of potency upon storage. The phase alteration eventuated from 

the conversion of the stable crystalline form into amorphous form which 

developed during drying of wet-granulated materials (Qiu 2010). Nevertheless, 

obtaining the same polymorph could be still achievable as long as same 

conditions are met (Dunitz and Bernstein 1995). 
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1.2.3 Cambridge Structural Database (CSD) 

As explained earlier, any change in unit cell parameters could lead to different 

physical properties even for the same chemical structure. This diversity of 

structures must be stored in easy-access database where researchers can add 

or compare various crystal structures. 

Cambridge structural database is a tool used in pharmaceutical crystallography 

to store the details of 3-dimensional crystal structures. This database is of a great 

importance in crystal structure analysis and is regulated by Cambridge 

Crystallographic Data Centre (CCDC) which contains the archive for all the 

structures in CIF format (Allen 2002). CIF format contains information about the 

structure of the crystals such as space group and unit cell parameters. The 

database is open, free resource, and researchers can submit their newly 

discovered crystals from all over the world.  

Structural information is obtained by the use of x-ray crystallography and neutron 

diffraction. Olga Kennard came up with this idea at 1960 with few crystals been 

registered (Allen 2002). The database grew up quickly and reached 2000 entries 

at 1965 and a quarter million at 2002 (Javed 2010). The recent figure for the 

number of crystals submitted on 2014 is 750,000 which shows the dramatic 

increment and development in crystallography science (Ward 2014). Each one of 

these structures is recognised by 8 digits number; 6 digits are related to the 

chemical compounds and other 2 digits for extra precise recognition. Structures 

from database are used to compare experimental structures to those recorded in 

the database. It can also be used to investigate polymorphism. 



30 
 

1.2.4 Crystal Engineering 

Since the discovery of X-rays in 1895 by Rontgen, focus has shifted from the 

mere characterisation and analysis of crystal structure, to an enhanced 

understanding of the crystallisation process and predicting the crystal structure 

from the inter molecular interaction. This shift was employed to exercise control 

over crystallisation process in order to consistently achieve desired 

physicochemical properties of active pharmaceutical ingredients (API) and 

excipients (Blagden et al. 2007a; Hasegawa 2012). 

The concept of Crystal Engineering was first introduced by Pepinsky 1955 and 

brought to practice by Schmidt 1971 where the modern crystal engineering could 

be ascribed to his work (Desiraju 1997). Desiraju has provided a clear definition 

of Crystal Engineering: ‘the understanding of intermolecular interactions in the 

context of crystal packing and in the utilisation of such understanding in the 

design of new solids with desired physical and chemical properties” (Desiraju 

1989). 

Crystalline solids are highly dominant in nature, specifically in the pharmaceutical 

field with more than 90 % of APIs are of crystalline nature (Variankaval et al. 

2008). However, this view is considered as a common misconception according 

to Fahlman. He proposed that crystalline materials need special procedures 

which assures molecular ordering, suggesting the predominance of amorphous 

solids over the crystals (Fahlman 2007). 

Crystalline solids can be loosely described as highly ordered unit cells (atoms, 

ions, molecules) arranged in repeated, long range pattern in 3-dimensions 

forming the crystal lattice. The special arrangements of crystalline solids result in 

http://en.wikipedia.org/wiki/Wilhelm_Conrad_R%C3%B6ntgen
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good physicochemical properties such as stability. However, the main challenge 

for crystalline solids is the low solubility profile which weakens the bioavailability. 

In drug discovery, 70 % of the new active pharmaceutical ingredients fall into 

class 2 in biopharmaceutics classification systems (BCS) where the rate limiting 

step to their bioavailability is solubility and dissolution rate (Khadka et al. 2014). 

Many strategies have been adopted to overcome the weak dissolution profile 

such as solid dispersion, micronisation and salt formation though these  

strategies haven’t been fully successful (Blagden et al. 2007b). On the contrary, 

crystal engineering shows a promise in enhancing the solubility and dissolution 

rate and present many approaches based on deep understanding and controlling 

of the crystallisation process (Khadka et al. 2014). 

1.3 Shear mediated crystallisation of polymeric systems 

Crystallisation of polymeric systems is ascribed to the ability of the polymer 

chains to fold and arrange themselves in lamellar ordered shape. Crystallisation 

of the polymer melt almost shares the same principle of nucleation and crystal 

growth from solution. Extra attention should be paid to the unique molecular 

structure of the polymers including the polymer chains and entanglement. Some 

of the main factors affecting the polymeric crystallisation from the melt are 

presented in figure 1.6. They are classified into internal (molecular arrangement) 

and external factors. Ultimately, by using crystal engineering techniques you can 

control most of these factors to manufacture the desired polymorph or avoid 

undesired ones (Variankaval et al. 2008). These factors govern the type and 

strength of the intermolecular interactions between the crystal surface and the 

polymer melt (Urphy 1999). Material’s properties like optical, physical and thermal 

properties are mainly attributed to these interactions in solid and liquid phases, 
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while in gaseous phase these interactions have no effect on properties (Fahlman 

2007). Intermolecular interactions (secondary bonds) have gained increasing 

attention and interest in crystal engineering as supramolecular structure is 

believed to be governed by these interactions and geometries. Information about 

these intermolecular interactions could be utilised to construct supramolecular 

structure and the preferred interactions could be studied and understood in order 

to make the prediction more easier in the future (Rodríguez-Hornedo et al. 2007).  

 

Figure 1-6 Main factors affecting crystallisation of polymer melt 

 

Internal factors affecting the crystallisation of the polymeric systems are mainly 

related to the polymer chains arrangement which might hinder the process due 

to entanglement of these long chains. These factors include tacticity, branching, 

length of the chains (molecular weight and molecular weight distribution) and 

functional side groups, to name but a few. Thermal gradient is another important 

factor especially for large molecular weight polymers that is not fully understood 

yet (Raimo et al. 2001). The heat transfer rate between the crystal face and the 
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crystallising medium drives the crystallisation rate of the polymer melt (Mullin, J 

2002).  

Many of the commercial manufacturing processes in pharmaceutical industry 

expose the material to various forms of mechanical stresses during crystallisation 

of polymers such as hot melt extrusion, fibre spinning and injection moulding. 

This mechanical stress results from the shearing or stretching of the polymer 

chains which affects the morphology and kinetics of the crystallisation process 

(Lagasse and Maxwell 1976). In order to understand shear-induced 

crystallisation in polymeric melts the basic terms of rheology will be introduced 

and then a further literature investigation about this topic will be presented. 

1.3.1 Viscoelastic properties of polymers (rheology) 

Rheology has attained great attention in many fields including food, chemical and 

pharmaceutical industries. To maintain quality in product, rheological properties 

should be taken into consideration when processing raw materials, excipients 

and pharmaceutical ingredients. Ignoring these properties might disrupt or even 

stop the process. For example, processing high viscous material requires extra 

force/heat input compared to low viscous one. Liquids down the pipe in 

pharmaceutical processing might struggle to flow due to shear thickening effect 

so viscosity should be investigated in a priori. Rheology also plays a key role in 

topical formulations, such as creams and ointments, as poor formulations affect 

patient compliance. Overall, rheology is a fundamental property which present 

and affect all aspects of pharmaceutical processing (Podczeck 2006). 

Rheology is defined as the science of flow and deformation. It studies the 

mechanical and rheological properties of materials under force application. This 
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branch of science deals with two extreme material’s behaviour: viscosity and 

elasticity. Rheological behaviour of real materials falls in between these two ideal 

states and is thus described as viscoelastic behaviour (Chen et al. 2010). 

To characterise the mechanical behaviour of polymers, rheological terms and 

equations shall be defined as follow (T G Mezger 2014b): 

- Shear stress: differs from the normal stress as the component of the 

shear stress is coplanar with the material cross section while the normal 

stress is perpendicular to the materials cross section. It is simply defined 

as the force applied per unit area: 

𝜏 =
𝐹

𝐴
    Equation (1.10) 

Where 𝝉 is the shear stress (Pa), F is the force (N) and A is the shear area 

(m2). 

- Shear rate: also called strain rate or rate of deformation. It differs from 

normal velocity as it is independent of the position in the shear gap as long 

as two conditions are met; no wall slip effect at the boundaries and the 

flow is laminar (no turbulent). It is mathematically defined as follow: 

�̇� =
𝑣

ℎ
  Equation (1.11) 

Where �̇� is the shear rate (reciprocal seconds,  𝑠−1), 𝒗 is the velocity (m/s) 

and 𝒉 is the distance between two shear plates (m).  

- Shear strain: is the ratio of material deformation to original state. When 

the material is sheared between two layers, the relative displacement of 
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these two layers divided by the distance between them yields the shear 

deformation or shear strain: 

𝛾 =
𝑠

ℎ
  Equation (1.12)

  

Where 𝛾 is the shear strain (dimensionless), 𝒔 is the deflection path (m) 

and 𝒉 is the distance between the layers where the sample is sheared in 

between (m).  

- Shear viscosity and Newton’s Law: shear viscosity (𝜂) is the reflection 

of the material viscosity at a constant temperature. The ratio between the 

shear stress and the resultant shear rate for ideally viscous material is 

constant. The relationship is described by Newton’s law for ideally viscous 

flow: 

𝝉 = 𝜼 × �̇�  Equation (1.13) 

Where 𝜼 is the shear viscosity (Pa.s), 𝝉 is the shear stress applied (Pa) 

and �̇� is the shear rate resulted (𝑠−1). 

- Shear modulus and Hooke’s law: shear modulus (G) is the reflection of 

the material rigidity at a constant temperature. Within the linear elastic 

region, the ratio between the shear stress and the resultant deformation 

for ideally elastic material is constant. The relationship is described by 

Hooke’s law for ideally elastic deformation: 

𝝉 = 𝑮 ×  𝜸  Equation (1.14) 
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Where 𝑮 is the shear modulus (Pa), 𝝉 is the shear stress applied (Pa) and 

𝜸 is the resultant shear strain (dimensionless). 

- Storage (Elastic) modulus (G’): for ideally elastic material, the shape is 

temporarily deformed upon the application of the force and deformation 

energy applied is completely stored after one load cycle. For viscoelastic 

material, the deformation energy is partially restored depending on the 

proportion of the elastic component in the material and so, the shape is 

partially reserved. The unit for storage modulus is Pa. 

- Viscous (Loss) modulus (G’’): for ideal viscous material, the shape is 

permanently deformed after one load cycle upon the application of the 

force. The energy applied is used completely by the system and no longer 

available for re-use when the force is released. As a result, the shape of 

the material is totally changed upon the application of the force. For 

viscoelastic material, the deformation energy is partially dissipated 

depending on proportion of the viscous component in the material and so, 

the shape is partially changed. The unit for loss modulus is Pa. 

- Tan delta (tan δ): is the ratio between the previous two moduli; Loss 

modulus and storage modulus. It is also called loss factor and given by the 

equation: 

tan δ = G′′ G′⁄    Equation (1.15) 

Tan delta values can range between 0, for ideally elastic material, and ∞, 

for ideally viscous material. For viscoelastic material, tan delta falls in 

between these two values. If the material has equal proportion of elastic 

and viscous, then the tan delta ratio is 1. 
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- Linear viscoelastic region (LVE): For ideally elastic behaviour under 

normal stress, the material shows strong interactive forces between 

molecules and store the deformation energy until the force applied exceed 

a specific value where the material shows a brittle fracture. The region 

before fracture is called the linear viscoelastic region. Beyond this region, 

the behaviour is difficult to describe as it happens suddenly and sharply. 

Viscoelastic materials are neither ideally elastic nor ideally viscous; they have 

both elastic and viscous components and, so, considered as viscoelastic. The 

models describing viscoelastic behaviour take into consideration both laws, 

Newton’s law and Hooke’s law. The common model for describing viscoelastic 

liquids is called Maxwell model, while the viscoelastic solids are generally 

described by Kelvin/voigt model. The overall mechanical properties of semi-

crystalline polymers depend on the proportion of the elastic and viscous 

components and ascribed to the nature and strength of the interactions between 

polymer chains. 

1.3.2 Literature review: shear-induced crystallisation of polymeric 

formulations  

The first evidence of flow induced crystallisation of polymers was observed 

around 50 years ago by the work of Pennings and Kiel. In their early work, they 

noticed a higher crystallisation temperature and a change in crystal habit of 

polyethylene due to stirring upon cooling the polymer solution. The results were 

compared to those obtained under quiescent conditions (absence of flow) and 

revealed a potential opportunity to understand the structure development under 

the effect of flow (Pennings and Kiel 1965). Flow induced crystallisation is still 

considered a new and open field which is gaining more and more interest in 
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polymer industries. Although it is not yet the main stream in this field, it is still 

recognised as the 3rd most important parameter in polymer crystallisation 

process, following from temperature and rate of cooling (Lamberti 2014a). The 

relevance of this parameter to current polymer processing in industry 

necessitates exploring this phenomenon even when crystallisation under 

quiescent conditions is still not fully understood.  

Semi-crystalline polymers (70% of synthetic polymers) are processed in polymer 

industry to form various shapes using different techniques such as extrusion, melt 

spinning, film blowing and injection moulding (Kumaraswamy 2005; 

Vleeshouwers and Meijer 1996). During processing, these polymers experience 

mechanical treatment by the effect of complex flow fields. This complex flow can 

be subdivided into shear flow, found mainly in extrusion and injection moulding, 

and extensional flow, found in fibre spinning and film blowing. In principle, both 

flow geometry share the same mechanism; the mechanical work induces 

molecular orientation, and the conclusion drawn from one type can be extended 

to the other (Mykhaylyk et al. 2010). Both types have been found to enhance 

crystallisation kinetics with greater effect displayed by extensional flow due to 

higher degree of molecular orientation (Hadinata et al. 2007). However, this 

observation is mainly applied to polymer melt and does not involve crystallisation 

from dilute polymer solutions. Shear flow of polymer solutions forces the 

molecules to rotate around their gravity centre giving no chance to conformational 

changes and thus, not effective in enhancing crystallisation (Lamberti 2014a). 

Many researches, including this one, focus on the shear flow applied during 

processing as it is very common in many manufacturing processes. 
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Many analytical techniques have been developed to detect structural 

development during crystallisation of polymer melt. Examples include X-ray 

scattering (Small Angle X-ray Scattering (SAXS) and Wide Angle X-ray Scattering 

(WAXS)), Rheometry, Microscopy, Differential Scanning Calorimetry (DSC), 

Fourier Transform Infrared Spectroscopy (FTIR) (Haudin 2007). Recent 

techniques, apparatus and research findings in this field are listed in Table 1.2. 
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Table 1-2 Recent researches in shear induced crystallisation by different groups 
(Lamberti 2014) 
 

Group Apparatus/experimental Design 
Research 

area/Findings 

University of Linz, 
Austria (Gerhard 
Eder) 

(Eder and 
Janeschitz‐Kriegl 
2006) 

Impose a short shear to a polymer melt, 
and then optical retardation is analysed 
which is related to crystallisation 

- Apparatus to test the effect of 
extensional flow on the crystallisation 
kinetics 

- Analysis of the shear 
rate effect on the kinetics 

- Focused on the 
relevance of the 
mechanical work applied 
to the melt on the 
nucleation 

Ecole des Mines de 
Paris, France (Jean-
Marc Haudin and 
Bernard Monasse) 

(Duplay et al. 2000) 

- Shear device obtained by pulling a glass 
fibre in a molten polymer sample, 
observing the resulting structures 
microscopically 

- Apparatus: plate–plate shear device 

Increase of the 
nucleation rate and 
growth rate 

California University 
of Technology 
 (Julia Kornfield) 

(Seki et al. 2002) 

- Apparatus: apply a box-like shear pulse 
to an isothermal polymer melt followed by 
the in-situ monitoring of structure 
development (by X-ray scattering or 
birefringence) 

- Investigation of what 
happens on a molecular 
scale. 

- The role of molecular 
weight distribution 
(MWD)on crystallisation 
kinetics 

University of 
Eindhoven, The 
Netherlands (Han 
Meijer and Gerrit 
Peters) 

(Swartjes et al. 
2003) 

- Conventional techniques: rheometry 
and shearing hot-stage 

- Pirouette (rotational) Dilatometer: study 
the effects of cooling rate, pressure and 
shear rate on crystallisation kinetics 

- Multi Pass Rheometer: simulates the 
injection moulding process 

- Cross-Slot Flow Cell: apply an 
extensional flow to a droplet of polymer 
melt 

Modelling and exposing 
the experimental sides of 
the problem 

University of 
Salerno, Italia 
(Gaetano Lamberti) 

(Lamberti 2014a) 

- Apparatus: reproduces the film casting 
process and measure the film 
temperature (IR), the film width and 
velocity (image analysis), the polymer 
crystallinity and orientation (by FT-IR and 
IR-dichroism) 

- Reproducing the 
conditions of the 
industrial processes 
- Gather as much 
information as possible 
to propose a full model 
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Early approaches in shear induced crystallisation found that shear flow in the 

polymer melts influences crystallisation kinetics, mainly nucleation stage. The 

enhanced crystallisation rate of polyethylene and polyethylene oxide was 

hypothesised to be linked to shear flow applied to the polymer melt (Lagasse and 

Maxwell 1976). The change in crystal morphology was also attributed to the level 

of flow applied; oriented spherulites produced at low level of flow and fibrillary 

structures under high flow (Lamberti 2014a). Recent approaches revealed the 

important role of shear in nucleation, crystal growth and overall kinetics of 

crystallisation. Shear flow increases the local chain order of molten polymers 

which reduces the entropy of the system. As a result, induction time decreases, 

equilibrium melting temperature will be increased and overall kinetics will be 

enhanced (Haudin 2007).  

Many authors suggest the presence of ‘precursors’ at the intermediate pre-

nucleation stage. In semi-dilute solution, the precursors represent the increase in 

density of polymer which is absent in melt due to neglected change in density. 

Flow activates the ‘precursors’ or ‘dormant nuclei’ increasing the number of stable 

nuclei and nucleation rate. The shape of the stable nuclei is subject to the flow 

level and range between point-like precursors (for spherulites) to thread-like 

precursors (for shish-kebab crystals) (Figure 1.7). The effect of shear flow on 

crystal growth is still under debate. One research suggested the role of shearing 

in the enhancement of growth rate and anisotropic growth of polyethylene during 

crystallisation under shear effect. The research suggests the growth of 

polyethylene nuclei alongside the shear direction with favourable growth 

perpendicularly to it (Monasse 1995). With all the knowledge we have today, the 
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real mechanism of the nucleation and crystal growth processes under both 

quiescent and flow conditions is still not fully understood (Haudin 2007). 

 

 

Figure 1-7. Morphologies obtained under different level of flow. 

 

Two principal morphologies are obtained from crystallisation of semi-crystalline 

polymers melt: spherulites and shish-kebabs (Table 1.3). Under quiescent 

conditions, chain folded lamellae radiate from a central nucleus (originate from 

point-like precursors) leading to the formation of spherical structure known as 

spherulites. Spherulites continue to grow in crystallisation medium until 

impingement takes place. At that point, the space volume in crystallising medium 

is fully occupied by the spherulites and the growth ceased when the degree of 

space filling reach maxima. It is worth noting that even at that point, amorphous 

structure still present due to defects, entanglements, presence of disordered 

structures embedded in the spherulites. This observation explains the absence 

of fully crystalline material in macromolecules (Lamberti 2014a). On the other 

spherulites

- oriented spherulites
- deformed spherulites

- Fibrillar structures
- Cylinderical structures
- Shish-kebab structures
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hand, high flow rate in sheared melts give birth to oriented metastable phase 

(thread-like precursors). Oriented precursors formation is subjected to the 

relaxation time and crystallisation rate of the long polymer chains (Scelsi et al. 

2009). Once the precursors formed, the long molecules align themselves along 

the flow direction forming the stable nuclei ‘shish nuclei’ (resemble shish 

structure). Consequently, anisotropic growth commences in a direction 

perpendicular to the flow direction forming a structure called kebabs (resemble 

kebabs structure). The overall structure obtained under flow is called shish-

kebabs structure (Mykhaylyk et al. 2010).  

The complex nature of the flow applied to polymers in industrial processing 

results in production of various morphologies (including spherulites and shish-

kebab structures) at different proportions in the same material. The mechanical 

properties of the melt-extruded or moulded polymers mainly depend on the 

proportions of these morphologies. Overall, there is still a lack of a 

comprehensive understanding of flow behaviours in order to produce the desired 

morphology in polymer processing (Mykhaylyk et al. 2010).  

Table 1-3 Comparison of spherulites and shish-kebab crystal structures 

 Spherulites Shish-kebabs 

Crystal habit Isotropic Anisotropic 

Flow conditions Quiescent or low flow High flow 

Precursors Point-like precursors Thread-like precursors 

Structure Spherical Shish-kebab 
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The full control of any production process requires, firstly, the investigations of all 

critical process and material parameters and, secondly, the interaction between 

these parameters using mathematical equations (modelling). Two types of 

parameters influencing crystallisation under shear are investigated in literature: 

molecular parameters (internal factors) and process parameters (external 

factors).  

An early study of polypropylenes and polyethylenes of different molecular weight, 

molecular weight distribution and tacticity shows the effect of these parameters 

on crystallisation kinetics of sheared polymer melt (Duplay et al. 2000). The role 

of molecular weight and molecular weight distribution is mainly attributed to the 

presence of long chain molecules in high molecular weight polymers. Long chain 

polymers show a strong effect on crystallisation kinetics and shear mediated 

crystallisation phenomenon. These molecules are responsible for forming thread-

like precursors, under high shear flow, which triggers the crystallisation process 

once it is thermodynamically favoured. When stable nuclei formed, crystal growth 

will commence anisotropically to form shish-kebab structure (Seki et al. 2002).  

Orientation of the long chain molecules under the shear effect also considered 

as an important parameter. Level of orientation helps in flow evaluation; high 

orientation produce fibrillary structure while low level produce oriented spherulites 

(Lamberti 2014a). Process parameters investigated in literature includes shear 

rate, shear strain and shearing time. The first two parameters are more commonly 

used, and their coupled effect has found to increase crystallisation kinetics. 

Another parameter to be considered in this regard is the time required for the 

sample to flow since the isothermal conditions are established. This time is 

usually ignored unless it exceeds critical value where the sample starts to display 
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delayed onset of crystallisation with overall enhancement of crystallisation 

kinetics (Haudin 2007).  

Modelling of flow induced crystallisation is based on the understanding of the 

process and material parameters discussed earlier. Many approaches have been 

proposed in the literature. Empirical approaches have a good ability to describe 

the analysed data in mathematical way but fails in predicting the results out of the 

tested measuring points. One of the most commonly used empirical approaches 

is Avrami model for nucleation and crystal growth which describes the 

transformation of the material from one state to another at constant temperature 

as in the following equation (Kumaraswamy 2005; Khanna and Taylor 1988): 

     𝑌(𝑡) = 1 − 𝑒𝑥𝑝−𝑘𝑡𝑛
  Equation  (1.16) 

Where Y is the fraction transformed at time t, K is the rate constant (min-1), t is 

time (s) and n is the Avrami constant which depends on the shape of the particle 

(n=1-4). 

Modelling of orientation has also been introduced to describe flow induced 

crystallisation at low level of flow (no change in morphology). The complex nature 

of flow (different levels of flow) in the real polymer processing restricts the use of 

orientation models as coexistence of different morphologies is highly expected in 

any extrusion or moulding process. To overcome this limitation, modelling of 

morphologies at high level of flow is introduced by considering the cylindrical 

shape of crystals rather than spheres. The perfect model which describes the real 

crystallisation of semicrystalline polymers under shear effect is still hindered by 

experimental difficulties (Lamberti 2014a). 
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1.3.3 Injection Moulding 

Hot melt processing is a common polymer fabrication technique which utilises the 

heat and pressure to manufacture materials with specific physical and 

mechanical properties. It is been used for a long time in plastic industry but 

considered relatively new in pharmaceutical field (Quinten et al. 2009). Hot melt 

extrusion (HME) and injection moulding (IM) share the same principle of using 

heat and shear forces to mix and mould the materials. Hot melt extrusion is 

usually a precursor step to produce dense well mixed extrudates or beads that 

can be used in further downstream processes. Meanwhile, IM produce the final 

product in flexible shapes and sizes. The relationships between process 

parameters and critical quality attributes of the final product in IM has been 

extensively investigated but a comprehensive understanding of the process is still 

to be realised (Baliman et al. 1959).  

IM was first introduced by John and Isaiah Hyatt in 1872 and experienced a major 

development around 1950 by implementing the screw in the process. Its usage 

in pharmaceutical field was introduced in 1964 by Speiser for manufacturing 

sustained release pharmaceutical dosage forms. Modern IM machines are fully 

automated and the control over the process parameters is more reliable at each 

stage of the process. Currently, this technique is exploited in pharmaceutical and 

biomedical sciences to produce controlled drug release, medical implants, 

vaginal rings, etc (Quinten 2010). 

IM offers many advantages compared to conventional production techniques. It 

is considered as a green process, reducing cost, time and materials wasted in 

solvent-based systems. The design flexibility of the mould offers the end products 

with various shapes and sizes. Moreover, the good understanding of the 
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parameters involved, and polymer used in this technique allows for tailor made 

drug release systems (immediate/sustained release drug delivery systems). On 

the other hand, IM still faces some challenges in regard to choosing materials 

and understanding the parameters. Materials to be processed in IM have to have 

certain thermal and rheological properties to withstand the heat and pressure 

applied in the process. Therefore, they have to possess thermal stability and 

appropriate viscoelastic properties. The complex process needs systematic 

investigation of the parameters like barrel temperature, pressure, injection speed, 

mould temperature, etc. Any attempt in this field should take into consideration 

not only the main effect of these parameters but also the interaction between 

them (quadratic term) which can be facilitated by using design of experiment 

method (Alhijjaj et al. 2015; Pajander et al. 2017). 

IM facilitates mixing, melting, forming and cooling the polymeric matrix in simple 

process (figure 1-8). This is achieved by controlling various process parameters 

(figure 1-9) which influence the end-product quality attributes. Two of the most 

important process parameters are briefly discussed in this section which is 

relevant to this research. Mould temperature, indicative of cooling temperature, 

is considered the most significant parameter in injection moulding process. It is 

usually controlled by water circulation (for processing temperature ˂ 100 °C) 

through the two mould parts and monitored by thermocouples placed internally. 

From industrial point of view, this temperature should be as low as possible. 
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Figure 1-8 Processing cycle of conventional injection moulding process 

 

 

Figure 1-9 Processing parameters in injection moulding and their effects on end product 
quality attributes 

 

In pharmaceutical processing, mould temperature is believed to have an impact 

on crystallinity of the injection moulded matrix and drug release pattern 

(Hemmingsen and Olsen 2012). One study shows that mould temperature is 
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directly proportional to Young’s modulus property of the low-density polyethylene 

(LDPE). By contrast, barrel temperature has an opposite effect. So ideally, for 

maximum Young’s modulus value one should chose the highest mould 

temperature and lowest barrel temperature practically possible (Leyva-Porras et 

al. 2013). The other important parameter is injection speed which reflects, on 

molecular level, the amount of shear applied by the system to polymer molecules. 

High shear rate causes the long polymer chains to align themselves in the flow 

direction reducing the viscosity of certain polymers (shear thinning effect). This 

microstructure arrangement can induce formation of specific crystal structures 

(ex. Shish-kebab) under high shear rate (Hemmingsen and Olsen 2012).  

Materials processed via IM technique experience a complex thermal and 

mechanical treatment as it melts in the barrel, squeezed in the die and then 

solidify in the mould. Accordingly, various distinctive regions were found across 

the injection moulded product. The outer layer happens due to quench cooling at 

the surface followed by skin layer where most of the shear takes place. In this 

layer the polymer undergoes high degree of orientation which leads to shish-

kebab crystal structure. Next to the skin layer, a high nucleation density region 

presents followed by a core layer manifested by large spherulites structures 

(Roozemond 2014). Researchers have investigated the shear induced 

crystallisation by various approaches to mimic the IM process. The shearing 

stress in these approaches is mainly applied at the crystallisation temperature. It 

is generally agreed that oriented structures might result from applying high shear 

rate (102 – 104 s-1). At low shear rate, crystallisation will be enhanced and 

spherulite structures will dominate (Vleeshouwers and Meijer 1996). 
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Due to the complex thermomechanical stresses applied by IM process, choosing 

polymers, API and other excipients is an essential step and must comply with the 

following guidelines: 

1- Materials must be thermally stable at the processing temperature to avoid 

degradation during and after manufacturing. Ideally, a large gap between 

Tg (in amorphous component) or Tm (in semicrystalline component) and 

degradation temperature is preferred. Plasticiser might be a good solution 

to reduce Tg and reduce processing temperature. 

2- Polymer component should exhibit thermoplastic behaviour. 

3- All the components should be compatible in all thermal and mechanical 

processing conditions. 

4- Polymers should present suitable Tg or Tm (as low as possible) 

5- All excipients must be non-toxic, especially the main carrier. 

There are many processing parameters in IM process as explained earlier. These 

parameters collectively determine the structure and the final properties of the 

injection moulded product. Researches find that the degree of crystallinity is 

directly proportional to drug release (Hemmingsen and Olsen 2012) and 

mechanical response (Leyva-Porras et al. 2013). Another study shows that the 

long polymer chains serve as a tie-molecules in the matrix which increases the 

mechanical properties of the semi-crystalline polymer (Zuidema 2000). 

In conclusion, IM is a promising manufacturing technology in the pharmaceutical 

industry. It can be used for immediate or sustained release drug delivery systems. 

The full automated process makes it easy to control and monitor the various 
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process parameters. To optimise production of tailored pharmaceutical dosage 

form, deep understanding of these parameters and their effects on critical quality 

attributes is essential. Material properties, like molecular weight and viscoelastic 

properties of the polymer, API and other excipients processed in IM are also very 

important.  
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1.4 Aim of this study 

Crystalline solids are highly dominant in nature with more than 90 % of API are 

of crystalline nature (Variankaval et al. 2008). Many factors had been investigated 

in literature which affects the crystallisation of pharmaceutical dosage forms 

(section 1.2.1). One of the main constituents in any pharmaceutical dosage forms 

are the polymers which play various roles as excipients. Additional factors were 

considered in the polymer crystallisation which is related to their structure and 

behaviour under processing. Shear effect is considered the 3rd most important 

parameter in polymer crystallisation process (Lamberti 2014a). In order to 

understand the role of polymers in the pharmaceutical dosage forms, the 

crystallisation of the polymeric systems during shear-involved processing should 

be investigated first. 

Hot melt processing is a common polymer fabrication technique which utilises the 

heat and pressure to manufacture materials with specific physical and 

mechanical properties. The relationships between process parameters and 

critical quality attributes of the polymeric systems in hot melt processing has been 

extensively investigated but a comprehensive understanding of the process is still 

to be realised. This study is aimed at investigating the process parameters and 

material attributes which affect the crystallisation of polymeric systems in injection 

moulding as a model technique in hot melt processing.  

The model polymer used in this study was polyethylene oxide at three molecular 

weights: 20K, 200K and 2M and their blends. The rational for choosing this 

polymer is explained in section 1.1.4. PEO is the ideal polymer to be used in this 

research due to its safety, processability and wide range of molecular weights. 
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The main objective of this study was to achieve the followings: 

- Introducing the main keywords in the research and choosing the most 

significant parameters affecting the hot melt processing. 

- Understanding the thermal, rheological and structural properties of PEO 

systems under quiescent conditions. 

- Investigating the main process and material parameters in IM and the 

interaction between them to understand and optimise such a process. 

The novelty of this research lies in investigating the most important factors 

affecting polymeric systems crystallisation including square effect and interaction 

terms in shear-induced processing. Using the design of experiment methodology 

ensure a reliable results and statistically accepted conclusions. Choosing the 

right levels of each parameter and looking at the interactions between these 

parameters and the shape of the responses results in unique picture of the 

studied polymeric systems. 

The outcome is intended to help understand the main factors affecting 

crystallisation of polymeric systems in hot melt processing. The real benefit of this 

study is that no matter how the small industry it is, following the methodology will 

give best results for current pharmaceutical industry. 

1.5  Structure of the thesis 

This thesis is divided into 6 chapters as follows: 

i. Chapter 1 covers an introduction and background about polymers, 

crystallisation and rheology. It explores the polymer synthesis, 

classification and properties with extra details on the candidate polymer; 
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PEO. Crystallisation process is then briefly discussed in terms of stages, 

theories and factors affecting the process. Rheology is introduced and the 

literature findings are discussed. Finally, IM is presented as a technique in 

manufacturing pharmaceutical dosage forms. 

ii. Chapter 2 describes the methodology used in this project and the raw 

materials employed. In addition, a general description of the 

characterisation techniques and process conditions for each experimental 

work was presented. 

iii. Basic characterisation of pure PEO at various grades was presented in 

chapter 3. Results of thermal behaviour including melting, crystallisation 

and degradation were studied. Rheological properties of the sample were 

investigated under quiescent conditions. 

iv. Chapter 4 explores the role of molecular weight by studying the 

crystallisation of the binary blends PEO using DSC and hot stage 

microscopy. The process temperature was also investigated using the 

same techniques by applying various cooling rates during cooling step. 

v. Chapter 5 investigates the main factors affecting IM of polymeric systems: 

mould temperature, molecular weight and shear effect. The main effect 

and the interaction terms were discussed in response surface 

methodology (RSM) and a model process optimiser is presented. 

vi. The final chapter include general conclusion of the project and suggested 

future work in this field. 
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Chapter 2 

2 Materials, Methods and Instrumentation 
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2.1 Introduction 

This chapter covers the materials used in this research, sample preparation, 

experimental methodology and background of techniques used to characterise 

raw materials and end products. The raw materials of various molecular weights 

are presented in section 2.2.  

Materials were prepared in different forms suitable for the intended 

characterisation and production process. The powder form of various grades was 

mixed at certain proportions to form binary blends and analysed via various 

techniques. To produce injection-moulded caplets, powder PEO was processed 

by hot melt extrusion to produce pellets. The pellets were further processed by 

Injection moulding to produce the final form, caplets. Structure analysis of the 

caplets required special sample preparation to study the morphology under 

scanning electron microscope (SEM). More details in sample preparation are 

discussed in section 2.3.  

A special attention was paid to the experimental design used in chapter 5 to 

assess the effect of various factors at different levels on thermal behaviour of 

injection moulded PEO binary blends. A brief introduction about the theory of the 

design of experiment is introduced in section 2.4.  

Section 2.5 sets the ground for using various characterisation techniques by 

introducing the concept of each technique and the general methodology used in 

each analytical test used in this study. 
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2.2 Raw materials  

Polyethylene oxide (PEO)/ Polyethylene glycol (PEG) was purchased from 

Sigma-Aldrich company in the United Kingdom. Three grades were used in this 

study for basic characterisation and for producing Injection moulded caplets. The 

details for these grades are listed in table 2.1.  

Table 2-1 Polyox specifications; name, molecular weight and physical appearance 

Name Average Molecular Weight (Mw) Original Form 

PEO20K 20,000 (20K) Flakes 

PEO200K 200,000 (200K) Powder 

PEO2M 2,000,000 (2M) Powder 

 

An overview of the PEO was introduced in section 1.1.4. It presented the 

synthesis of this polymer, the wide range of molecular weights and its applications 

in pharmaceutical industry. It also highlighted its physical, mechanical and 

pharmaceutical properties.  

2.3 Sample preparation 

Various grades of PEO were physically mixed as binary blends at various 

proportions. These blends were analysed in terms of thermal behaviour (via DSC 

and TGA), structural analysis (via PXRD), rheological properties (via shear 

rheometer) and crystallisation kinetics (via DSC and hot stage microscopy). 

Same blends were used in hot melt extrusion to produce pellets which were 

further processed into caplets via injection moulding (chapter 5). The caplets 

were cut and sliced for further thermal and morphological analysis. 
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2.3.1 Powder mixing 

Pure PEO samples were mixed in a powder form two grades at a time; PEO20K-

PEO200K, PEO20K-PEO2M and PEO200K-PEO2M in the following proportions: 

90:10, 92:8, 95:5, 98:2, 99:1 and 100:0 (pure) for 15 min in a tumbling mixer. The 

lower molecular weights of PEO in each blend always constituted the highest 

proportion in these blends. For example, PEO20K-PEO200K blends have 90, 92, 

95, 98, 99 and 100% of PEO20K.  

The powder form of all grades (except PEO20K) showed a wide particle size 

distribution (PSD). This variation affects the scale of scrutiny of the mixing 

system. To overcome this issue, powder of all molecular weights was sieved, and 

only similar PSD ranges were mixed in the previous proportions to ensure the 

homogeneity of the mixtures and avoid segregation during handling. The particle 

size range chosen for this research was 75-125 μm.  

PEO20K is commercially available in a flake form. To the best of the researcher’s 

knowledge, powder form of PEO20K is not available in the market. In order to 

attain homogeneous mixing and avoid potential segregation when mixed with 

other grades of PEO, flakes of PEO20K were grinded by a mortar and pestle and 

the PSD range chosen for mixing with other grades was similar to the rest of the 

molecular weights of PEO (75-125 μm). The two forms; original flakes and ground 

powder form were compared in terms of thermal response and the DSC results 

showed insignificant difference in the melting event between these two forms. 

Accordingly, the ground form of PEO20K was used in this research instead of the 

flakes form (Appendix A).  
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2.3.2 Pellets preparation via hot melt extrusion 

As mentioned in the previous section, all PEO blends were mixed as a powder 

form within a relatively small particle size range. For further processing via IM, 

the binary powder blends must ensure a high degree of mixing and content 

uniformity. The single-screw extruder of the IM used in this study does not 

guarantee this. Moreover, pellets are considered the common feedstock for IM. 

By contrast, the powder form is favoured in processing with twin-screw hot melt 

extrusion to achieve optimal mixing quality (Luker 2012; Van Zuilichem et al. 

1999).  The proportions used for the binary blends to produce caplets for the IM 

study (chapter 5) were 90:10, 92:8, 95:5, 98:2 and 100:0 (pure) according to the 

DoE implemented (section 2.4).  

As discussed above, the powder blends were processed via hot melt extrusion to 

produce suitable pellets for further IM process. A twin-screw co-rotating hot melt 

extruder (Prism TSE 16 TC, Fisher) was used for this purpose with a length to 

diameter ratio 25:1. The extruder was set at the experiment temperature and left 

for 30 min to equilibrate. The two screws (angled at 90 °C) have two mixing zones 

which ensure good mixing of the two component powder blends. Powder blends 

were fed manually and continuously into the feeder while keeping the torque 

lower than 50 Nm. The extrudates produced were cooled down straight after 

exiting the die using an air-bed roller and pulled from the end side to achieve 

constant shape and size of the strands. Extrudate strands were then pelletised 

using Prism pelletiser for further injection moulding processing.  

A preliminary test was carried out to investigate the ideal temperatures of the 

three extruder zones including the die. Zone 1 (feeder) was set at 50 °C at all 

molecular weight blends to avoid polymer melting at the neck which may cause 
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clog and failure of the process. Zone 2 and the die varied according to the 

molecular weight processed: 

- For PEO20K base blends (where the PEO20K was the main component): 

the temperature profile was chosen so that the viscosity of the material 

was balanced (neither too viscous so it blocks the machine nor too runny 

to leak through). The best viscosity balance was found around 30 Pa for 

the loss modulus. If the polymer is highly viscous, then it would clog the 

extrusion barrel and stop the process. On the other hand, PEO20K of a 

very low viscosity was very hard to process and shape. Therefore, after 

screening many temperatures the ideal temperature profile for zone 2 and 

the die were set at 72 and 73 °C, respectively.  

- For PEO200K-PEO2M blends: zone 2 and the die were set at 85 °C to 

guarantee melting of the blends and ease of shaping the extrudate 

afterward. The viscosity of these two grades is not as sensitive as the 

viscosity of PEO20K to temperature change. 

For minimal contamination across the blends during HME processing, the blends 

were processed in the following order: PEO20K-PEO200K (100:0, 98:2, 95:5, 

92:8 and then 90:10), PEO20K-PEO2M (100:0, 98:2, 95:5, 92:8 and then 90:10). 

The extruder (screws and barrel) were then dismantled and cleaned to get rid of 

any sample traces. This step was crucial when the main component of the blends 

changes from PEO20K to PEO200K. After cleaning, the PEO200K-PEO2M 

blends were processed in the following order: 100:0, 98:2, 95:5, 92:8 and then 

90:10. To mitigate the effect of trace contamination across the proportions of the 

same binary blends, for example PEO20K-PEO200K blends, the first 13 g of the 
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new proportion processed was discarded as it was very likely to have a significant 

amount of the previous material. This amount was measured by processing PEO 

mixed with dye and then adding the uncoloured PEO. The weight of the coloured 

PEO until the dye disappeared represents, to a large extent, the amount it took 

to be washed from the barrel. With all measures taken into consideration, it was 

not practically possible to completely avoid cross-batches contamination 

especially within the same blend proportions. However, with these precautions 

the contamination was minimised, and its effect was mitigated. 

2.3.3 Caplets preparation via injection moulding 

The extrudates produced in the previous section were next processed via IM to 

produce caplets at various molecular weights and process parameters. The 

extrudates of each sample consisted of two grades PEO at various proportions. 

Processing via IM is similar to HME but uses a single screw, and the machine 

used in this research was impractical to dismantle for cleaning after each use. 

Instead, cleaning the extruder part of IM was achieved by using a purging material 

like PolyPlus® LD 1925 ZZ (Polyplast Müller GmbH, Germany). This step was 

essential when changing the binary blend to reduce cross-contamination. For 

minimal contamination amongst the proportions of the same binary blend and 

after using a purging material, the first 26 g of the sample was discarded before 

processing a new blend. This amount was measured practically and represents 

the extruder volume occupied by the sample. Again, this step does not guarantee 

zero contamination, but reduces its effect to a minimum.  
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IM was taking place using Fanuc Roboshot machine (S-2000i 5A, Thermo) at 

various mould temperatures and injection speeds using pellets produced by HME 

(figure 2.1). Process parameters used in the IM study were tabulated in table 2.2. 

Due to differences in viscoelastic properties between PEO20K and PEO200K, 

some parameters were specific to the molecular weight used as shown in the 

table. For example, the low viscosity of PEO20K based samples can lead to the 

leaking of the molten polymer from the injection nozzle during the extrusion step. 

To overcome this, the pressure applied in the extrusion step was set at 1 bar and 

the extrusion speed was around 25 rpm.  

 

 

Mould temperature was one of the parameters under investigation in this project. 

It was controlled by a water cooling system which runs inside the mould metal 

and can be used to heat the mould up to 78 °C. Due to thermal lag between the 

mould and the cooling system, thermocouples were inserted in the water cooling 

system and inside the mould and the correlation was made for future mould 

Figure 2-1 Injection moulding machine; Fanuc Roboshot S-2000i 5A 



63 
 

temperature adjustment. Mould temperatures were measured directly from the 

mould through the thermocouple and recorded via data logging software 

(PicoLog, release 5.25.3). The cooling rate of the water-cooling system measured 

by the mould thermocouple at the critical crystallisation range was 1.1 ± 0.1 

°C/min. The levels of the mould temperature investigated in this project will be 

explained in the DoE section (2.4). 

Table 2-2 Process parameters for injection moulding of PEO20K base blends (PEO20K-
200K and PEO20K-2M) andPEO200K base blends (PEO200K-2M). 

 Process Parameters 
PEO20K based 

blend 
PEO200K based 

blend 

Extrusion 
step 

Temperature zone (°C) 
(from feeder to nozzle) 

25/60/63/68/68 25/100/110/130/140 

Pressure (bar) 1 20 

Speed (rpm) 25 100 

Shot size (mm) 14 14 

Cooling time (s) Depends on Tmould Depends on Tmould 

Injection 
step 

Speed (mm-s) Varies  Varies  

Injection to packing 
transition 

Pressure 
controlled 

Pressure controlled 

Transition at pressure: 130 130 

Packing pressure (bar) 100 400 

Packing time (s) 8 8 

Mould temperature (°C) Varies  Varies  
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2.3.4 Injection moulded caplets for SEM analysis 

The caplets produced by IM were analysed using a Scanning Electron 

Microscope (SEM) to study the morphology of PEO blends processed under 

various material and process parameters. The literature findings relate the 

morphology to the thermal and mechanical profile applied at various zones of the 

caplets. More details about various structures produced under shear-induced 

processes (like IM) was explained in section 1.3.3. 

Due to low glass transition temperature (Tg) of all molecular weights PEO (around 

– 55 °C), cutting the sample by knife or sharp blade at room temperature (around 

20 ̊C) will damage the surface (in ductile state), influencing the point of interest in 

this morphological study. In order to prepare an intact specimen with minimal 

damage to the surface morphology, caplets were fractured in cryogenic 

conditions (brittle state) perpendicular to the flow direction using a sharp scalpel. 

The slices produced were studied under bench-top SEM (no carbon or gold 

coating was needed).  

2.4 Design of experiment for IM study 

Design of experiment (DoE) is defined as “the strategy for setting up experiments 

in such a manner that the information required is obtained as efficiently and 

precisely as possible” (Lewis et al. 1999c). DoE offers a systematic way of 

studying joint influence of many independent variables for a certain process with 

less time, more certainty and a wider picture of the full story. It allows the optimum 

choice of experiments in order to explore, investigate and optimise any given 

process and define the significant parameters that play a role in that process. 
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Ideally, a regression equation is obtained to predict new observations that 

guarantee the required response in a modern quality by design approach. 

There are three stages of experimental design depending on the objective of the 

intended investigation (table 2.3). The first stage is a screening study for exploring 

a new process or formulation. At this stage, the most important variables were 

chosen, and the main effects of these variables were identified. After initial 

screening, a factor influence study adds the interaction terms between the 

significant variables where changing one factor could be influenced by the level 

of others. Models used for the previous stages lack the ability of predictions and 

can hardly be used for modelling (except for linear factor influence studies). The 

highest levels of experimental designs aim for optimising the manufacturing 

process or formulation in order to maximise/minimise the investigated response 

using response surface methodology (RSM). They facilitate manufacturing 

products with built-in quality by optimising the process conditions (Lewis et al. 

1999a). 

RSM comprises of a centre point in the experimental domain surrounded by a 

region of interest. In some cases, the experimental domain has a spherical shape 

and it maps the response over the entire region. It is ideal for predicting the 

required responses using the empirical mathematical equation which is expected 

to match the experimental response values if the experiment was carried out. 

Although it is very popular in the research field, RSM has some limitations in the 

ability of predicting responses in the experimental domain. The model does not 

account for sharp peaks or steep variations. Instead, it assumes the response is 

continuous and the response domain is a curved surface. 
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Table 2-3 Experimental design stages; screening, factor influence and response surface 
methodology (RSM) 

 Screening Factor-influence RSM 

Number of 
factors 

˃2 3 – 8 2 – 6 

Objective 
Identifying the 
significant factors 
(main effects) 

Main effects and 
interaction terms of 
the significant 
factors 

Response 
optimisation, 
prediction and 
modelling 

Model form Linear model 
Linear model with 
interaction terms 

Quadratic model: 
linear, interaction 
and square terms 

Designs 
available 

Full factorial 

Fractional factorial 

Mixture 

Full factorial 

High resolution 
fractional factorial 

Central composite 

Box-behnken 

Properties 

Non-predictive 

Not ideal for 
optimisation 

Predictive 

Not suitable for 
optimisation when 
there is curvature 
(quadratic effect) 

Predictive 

Ideal for optimisation 
and modelling 

 

Response surface analysis has many designs which vary according to the 

objective of the study. The most commonly used design in the literature (used 

here in this project) is the central composite design (CCD) which consists of three 

sets of points (figure 2.2). The characteristics of these points and the number of 

experiments at each set for three factors study (as in this project) are as follows: 

- Full factorial points: full factorial design to study the main effects and 

interactions between factors (first order terms). Number of factorial points: 𝑁𝑓 =

2𝑘 = 23 = 8 points where 𝑘 is the number of factors in the design (𝑘 =3).  



67 
 

- Axial points: to cover any possible curvature in the response surface by 

implementing the quadratic/square terms (second order terms). Number of axial 

points: 2𝐾 = 2 × 3 = 6 points. The distance of the axial points was set at specific 

value (α) to ensure rotatability of the design around the centre point and is given 

by the following equation (Lewis et al. 1999a): 

α = √𝑁𝑓 4
= √8 

 4
= 1.68   Equation  (2.1) 

where 𝑁𝑓 is the number of experiments in factorial points. 

- Centre points: as “test points” to check validity and response surface 

behaviour. Minimum number of centre points is 3 replicate points. If the 

responses of these three replicates are similar, it will increase the confidence of 

the analysis. 

 

Figure 2-2 Central composite design (CCD) space featuring the key points; full factorial 
points, cube (blue), axial (red) and centre points 

The quadratic model adopted here for CCD allows for predicting the response in 

the experimental domain according to the following equation (Lewis et al. 1999a): 

𝑦 = 𝛽0 + 𝛽1𝑥1 + 𝛽2𝑥2 + 𝛽3𝑥3 + 𝛽11𝑥1
2 + 𝛽22𝑥2 

2 +  𝛽33𝑥3
2 + 𝛽12𝑥1𝑥2 + 𝛽13𝑥1𝑥3 + 𝛽23𝑥2𝑥3 + 𝜀  

         Equation (2.2) 
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Where 𝛽0 is the constant term, 𝛽1, 𝛽2 and 𝛽3 represent the main effects of factors 

𝑥1, 𝑥2 and 𝑥3, respectively. 𝛽11, 𝛽22 and 𝛽33 are the square terms. 𝛽12, 𝛽13 and 

𝛽23 represents the interaction terms between the three factors.  

In the experimental design used in this project (chapter 5), the effect of three 

independent variables (factors) on two dependant variables (responses) was 

investigated. Using DoE facilitates the investigation of the factors playing roles in 

IM process. The design incorporates the main effects of these factors (changing 

one factor at a time), the interaction terms (synergistic or antagonistic effect) and 

the polynomial terms (curvature of the response) (Philip et al. 2012). The aim of 

chapter 5 was to understand the roles of these three factors: including main 

terms, interaction terms and the response surface shape.  

The main response under investigation in this project was the crystallisation of 

PEO to understand the crystallisation process in polymeric systems processed 

via hot melt processing such as IM. Thermal analysis of the produced caplets 

was carried out using DSC and the melting event was investigated for possible 

change in crystallisation kinetics due to thermal and mechanical stresses applied 

by IM processing. The results were also evaluated by SEM analysis to explore 

the possible various morphologies under different processing conditions.  

Three factors were considered for the IM experiments: molecular weight of PEO, 

injection speed (shear effect) and mould temperature (cooling rate). These are 

the main factors in the IM process of polymeric formulations (section 1.3.3). As 

discussed earlier, three binary sets were investigated in this project: PEO20K-

PEO200K, PEO20K-PEO2M and PEO200K-PEO2M. Each binary set was tested 

in various proportions of the two grades of PEO: 90:10, 92:8, 95:5, 98:2 and 100:0 
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(pure). Injection speeds used in this project varied from 15 to 285 mm/s (machine 

injection speed range: 0 – 300 mm/s). Mould temperature values were chosen in 

relation to the melting event of the extrudate prepared by hot melt extrusion and 

measured by DSC as follows (first heat and cool step): 

- High Tmould (coded +1) = end point of melting transition in the first heat step 

(Tm,end) 

- Medium Tmould (coded 0) = onset of recrystallisation transition (Tc1)  

- Low Tmould (coded -1) = is defined as: High Tmould - Medium Tmould = Medium 

Tmould - Low Tmould = 1   

-  Tmould at α distance was calculated as follows:  

(High Tmould - Medium Tmould) * α where α was equal to 1.68 

It is always essential to set the boundaries for the safe thermal limits of Tmould to 

guarantee minimal degradation of PEO while processing in heat-involved 

techniques. The onset of decomposition temperature reported in section 3.4.1.1 

varied from 251.9 °C for PEO20K to 359.7 °C for PEO2M. Figures in Appendix B 

show that processing various molecular weights of PEO at temperature 140 °C 

did not cause significant degradation events. 

The machine was held isothermally for 10 minutes to stabilise before injecting the 

sample into the mould. The mould was then cooled down to 35 °C (for Tmould 

higher than 35 °C) at a cooling rate of 1.1 ± 0.1 C˚/min and the caplets were 

ejected and collected for further analysis. Full experimental design with factorial, 

axial and central points in coded and un-coded forms are tabulated in table 2-4. 
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Table 2-4 Experimental points for CCD with three factors; PEOL%, injection speed and 
mould temperature at two levels plus axial and central points. 

N X1 X2 X3 Design 
PEOL 

% 
Injection 

speed (mm/s) 
Mould temp 

(°C) 

1 -1 -1 -1 Factorial 92% 70 Low 

2 +1 -1 -1 Factorial 98% 70 Low 

3 -1 +1 -1 Factorial 92% 230 Low 

4 +1 +1 -1 Factorial 98% 230 Low 

5 -1 -1 +1 Factorial 92% 70 High 

6 +1 -1 +1 Factorial 98% 70 High 

7 -1 +1 +1 Factorial 92% 230 High 

8 +1 +1 +1 Factorial 98% 230 High 

9 -α 0 0 Axial “star” 90% 150 Medium 

10 +α 0 0 Axial “star” 100% 150 Medium 

11 0 -α 0 Axial “star” 95% 15 Medium 

12 0 +α 0 Axial “star” 95% 285 Medium 

13 0 0 -α Axial “star” 95% 150 -α 

14 0 0 +α Axial “star” 95% 150 +α 

15 0 0 0 Centre points 95% 150 Medium 

16 0 0 0 Centre points 95% 150 Medium 

17 0 0 0 Centre points 95% 150 Medium 
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2.5 Characterisation techniques 

Techniques which were used in this study to characterise PEO fall into five main 

categories: 

➢ Spectroscopy: using Powder X-ray Diffraction (PXRD). 

➢ Thermal Analysis: including Thermogravimetric Analysis (TGA) and 

Differential Scanning Calorimetry (DSC).  

➢ Microscopy: including Scanning Electron Microscopy (SEM), Polarized 

Light Microscopy (PLM) and Hot Stage Microscopy (HSM). 

➢ Rheological studies using rotational shear Rheometer. 

2.5.1 Thermogravimetric analysis (TGA) 

Thermogravimetric analysis (TGA) is a thermal analytical technique 

whereby changes in sample mass are recorded as a function of temperature or 

time under controlled atmosphere. The sample mass is continuously weighed 

upon heating by the means of a highly precise thermo-balance to which the 

sample holder is attached. As the sample has no contact with the furnace, the 

system suffers a thermal lag which is found to be higher than the thermal lag in 

DSC (Giron 2007). 

In order to compare TGA thermograms, variation due to sample and experimental 

conditions were taken into consideration. To minimise this variation, all 

parameters were addressed including pressure, atmosphere, scan rate and 

sample weight and form. 

TGA has many applications in pharmaceutical sciences. The main usage 

includes the characterisation of moisture, volatile contents, adsorption, 
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desorption and thermal decomposition of substances and all other kinetic 

processes which involve any loss/gain of mass (Wendlandt and Gallagher 1981). 

A standard TGA curve has three distinctive stages. The first stage is manifested 

by small weight loss which is attributed to the evaporation of the volatile content 

within the molecule. The second stage has a constant value of weight followed 

by a simple/multiple decomposition step (third stage). Transitions in TGA are 

mainly described by the onset of the peak and the enthalpy of the transitions. 

A thermogravimetric analyser (TGA) (Q 5000, TA instruments, USA) was used to 

study the decomposition transitions of polyethylene oxide. Experiments were 

carried out using 25±1 mg samples in duplicate at heat rate of 10 ᵒC/min under 

nitrogen gas flow at rate 25 ml/min. The temperature range was set at 25–600 

ᵒC. Thermograms were analysed using the software “Trios, version v3.3.1.4246” 

provided by TA Instruments, USA. 

2.5.2 Differential Scanning Calorimetry (DSC) 

Thermal analysis experienced a huge transition in 1960 when the thermal melting 

behaviour was linked to the morphology of the material using DSC. The older 

version of this apparatus, differential thermal analysis (DTA), measured only the 

temperature difference between the sample and the reference (Ozawa 2000). 

The development of DTA led to the new generation of this technique, DSC. The 

International Confederation for Thermal Analysis and Calorimetry (ICTAC) 

defines DSC as a technique where the difference between heat flow rates into a 

sample and a reference material is measured (Lever et al. 2014). As the definition 

implies, the concept of DSC is to measure the difference in heat flow between 

the sample and the reference rather than temperature only.  
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DSC is commercially available in two types: heat-flux (hf-DSC) and power 

compensation (pc-DSC). The main difference between these two types is that pc-

DSC records the heat or power input to maintain the sample and the reference at 

the same temperature while hf-DSC measures the difference in heat flow due to 

temperature difference between the sample and the reference. hf-DSC is most 

widely used in pharmaceutical analysis. The apparatus consists of two cells in 

which the sample and the reference are placed on. The cells are located in a 

furnace where the pans are heated linearly over a range of temperatures. When 

heat is applied, the sample and the reference consume an equal amount of 

energy and their temperature will rise uniformly until a phase change occurs in 

the sample where a loss/gain of heat alters the heat flux. As a result, a 

temperature difference between the sample and reference is detected and 

transformed, through calculation, into heat flow. The apparatus measures heat 

flow as a function of time (in isothermal conditions) or temperature (Wendlandt 

and Gallagher 1981). 

DSC is one of the most popular analytical instruments in pharmaceutical industry 

and has wide a range of applications. It enables the determination of important 

values such as melting point (Tm), crystallisation temperature (Tc), crystallinity 

degree and is considered the most common analytical technique for glass 

transitions (Tg) determination in solid dispersion systems (Baird and Taylor 2012). 

Measuring these values allows the investigation for polymorphic transitions 

(crystalline modifications), pseudo polymorphism (hydrate and solvate), purity 

determinations of the raw materials, miscibility studies of solid compounds, 

stability studies and many other applications (Giron 2002).  
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The phase change in the tested sample 

manifests itself in DSC thermogram as an 

inflexion point, endothermic peak (consumes 

energy) or exothermic peak (release energy). 

Peaks of the same nature (e.g. endothermic 

peaks) are arbitrarily assigned either the 

positive or negative side of the graph and other 

peaks assigned the other direction. Typical 

transitions and their trends are shown in figure 

2.3. Some transitions like melting and 

evaporation have the same direction (both 

endothermic) but they have slightly different 

shape. For many crystals, melting peaks tend to 

be sharper and narrower than evaporation 

peaks. Comparing DSC and TGA graphs can also help in interpretation of results. 

For example, crystallisation and decomposition produce sharp exothermic peaks 

in DSC, but only the later can be detected by TGA, as it is accompanied by mass 

loss in the same temperature range (Hatakeyama and Quinn 1994). 

It is important to define the relevant temperature points which will be used 

throughout this study to compare thermal results from DSC experiments. The 

points are as follows (figure 2.4): 

➢ Glass transition temperature (Tg): where the amorphous proportion of the 

semi-crystalline PEO undergoes transition from the glassy, hard state to the 

rubbery, soft state. 

Figure 2-3 Typical TGA and DSC 
transitions (Hataykeyma 1994) 
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➢ Melting temperature range: where the crystalline proportion of the semi-

crystalline PEO undergoes transition from the ordered solid phase to the 

disordered liquid phase. Melting of PEO occurs over a temperature range 

rather than a sharp point. Two unique points were introduced here:   

o Tm in polymer characterisation is commonly measured from the peak 

value of the melting transition curve.  

o Another important point used in this study was the endpoint of the 

melting transition (Tm,end) where almost all PEO crystals were molten. 

Tm,end was measured at 5% deviation from the linear fitted line. 

➢ Crystallisation temperature (Tc): where the molten PEO partially align their 

chains in 3D order. Two unique points were introduced here:  

o Onset of crystallisation transition (Tc1): measured at 5% deviation from 

the linear fitted line. 

o Peak crystallisation temperature (Tc2): measured from the peak value of 

the crystallisation transition curve. 
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Figure 2-4 DSC typical graph for PEO (red line represents heating stage and blue line 
represents cooling stage) 

 

A differential scanning calorimeter (DSC) (Q 2000, TA instruments, USA) was 

used to study the thermal behaviour of PEO of different grades (figure 2.5). The 

instrument was calibrated using Indium as a reference (Tm = 156.6 ᵒC). 

Experiments were carried out using 10 ± 1 mg samples encapsulated in 

Aluminium pans. The pans were cooled to -90 ᵒC prior to the start of the 

experiment and then heated first to 150 ᵒC, cooled to -90 ᵒC and finally reheated 

again to 150 ᵒC at a rate of 10 ᵒC/min under nitrogen gas flow of 50 ml/min. 

Experiments were carried out in duplicate. Thermograms were analysed using 

Trios software (v3.3.1.4246, TA instrument, USA).  
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2.5.3 Powder X-ray Diffraction (PXRD)  

X ray scattering made many contributions to the pharmaceutical sciences since 

its discovery in 1895. In its early stages, it revealed the internal structure of 

several minerals and organic compounds. In the mid-20th century, the technique 

unveiled the structure of macromolecules like DNA and other proteins in the 

human body. With dramatic development taking place in this field, scientists today 

are able to use this technique in drug discovery to design agonists and 

antagonists that help in treating many diseases (Dong and Boyd 2011). 

When x-rays impinge on a powder sample, radiation is scattered in all directions 

reflecting the internal structure of the material. If the sample is well ordered in 

three dimensions (crystalline material), specular diffraction will produce intense 

Figure 2-5 Differential scanning calorimeter (DSC); Q 2000, TA instruments 
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peaks at certain specific wavelengths and incident angles according to Bragg’s 

law (Das et al. 2014): 

nλ = 2d ∗ sin θ   Equation (2.3) 

Where 𝑛 is a positive integer, λ represents wavelength of the incident X-ray wave, 

d marks the inter-atomic distance (d-spacing), and 𝜃 represents the angle of the 

incident X-ray. 

The spectrogram of a pure substance is considered a fingerprint of that substance 

since the three dimensional spacing of planes in all directions for any two different 

crystal structures are impossible to match. This fact was first introduced in 1919 

by Hull who stated that ‘every crystalline substance gives a pattern; the same 

substance always gives the same pattern; and in a mixture of substances each 

produces its pattern independently of the others’ (Hull 1919). 

The X-ray technique has a wide range of analytical applications in various fields. 

The traditional use of XRD in pharmaceutics covers phase identification, lattice 

parameters for new materials, degree of crystallinity, residual stress and textural 

features (Sharma et al. 2012). 

The PXRD analysis was carried out using Bruker D-8 advance, Bruker, Germany 

(figure 2.7). The machine was calibrated using silicon carbide as a standard. X-

ray used was of copper source and its wavelength was 0.154 nm with voltage 40 

kV and filament emission 30 mA. Samples were placed on a suitable plastic 

holder and levelled by using a glass cover slide. The test parameters were set 

via XRD wizard. Samples were scanned in duplicate in continuous mode from 5° 
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to 40° (2θ) using 0.01° step size and 0.2 s/step. Detector used was LynxEye. The 

data was collected and analysed using XRD commander software. 

 

 

2.5.4 Shear Rheometer 

In rheology, the behaviour of all materials falls in between two extreme conditions; 

elastic deformation behaviour and viscous flow behaviour. All real materials, 

including polymers, have a combination of these two behaviours and therefore 

can be described as viscoelastic materials. The energy supplied to the sample 

by the rheometer is either stored and returned after a full load cycle or used by 

the system for molecules motion. The elastic portion of the sample follows 

Hooke’s law and represents the energy stored by the sample while the viscous 

portion follows Newton’s law and represents the lost energy (T G Mezger 2014b). 

Figure 2-6 Powder X-ray diffraction (PXRD); Bruker D-8 advance, Germany 
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To investigate a material’s properties, mechanical moduli measured by a 

rheometer are separated into two components: storage modulus and loss 

modulus. The storage modulus represents the elastic component and measures 

the stored energy while loss modulus represents the viscous component and 

measures the dissipated energy. Tan δ is another important parameter which 

gives the relationship between the two moduli; storage modulus and loss 

modulus, as discussed in 1.3.1. 

A shear rheometer is used to investigate viscoelastic properties of materials by 

applying a defined stress torque and measuring the resultant strain or deflection 

angle and vice versa. It has many applications in the pharmaceutical field 

including determination of crystallisation kinetics and level of crystallinity using 

rheological moduli such as storage and loss modulus (Lamberti 2014b). The 

technique is divided into two main categories: capillary test and rotational test. 

The latter is subdivided further into concentric cylinder rotatory, cone and plate 

and parallel plate rheometer. Each of these techniques is designed for a specific 

need and applies different types of shear and mechanical forces (Cogswell 1998).  

Cone and plate (CP-MS) and parallel plate (PP-MS) measuring systems (figure 

2.8) are very popular in rheological analysis of polymer melts since the material 

quantity required is small and the loading/unloading procedure is a quick and 

easy process. CP-MS is favoured in oscillatory tests as it ensures homogenous 

shear conditions (constant shear rate) over the entire shear gap when compared 

to PP-MS. However, CP-MS requires a long period of rest to reach an equilibrium 

state when setting the gap between the two plates which makes it less effective 

for polymer melts (T G Mezger 2014a). 
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Figure 2-7 Rheometer measuring systems; cone and plate (left) and parallel plate (right) 

 

The rheometer used in this project was Anton Paar MCR 301 (Austria) fitted with 

a 25 mm parallel plate measuring system (PP25-SN6996). The sample was 

mounted on the bottom stationary plate and lifted to melt at the desired 

temperature. The gap between the stationary plate and the upper plate was then 

adjusted to 0.5 mm (ISO 6721-10) to avoid transient behaviour and edge failure 

in polymer melts (Thomas G. Mezger 2014a). The equilibrium state in the 

polymeric melt was manifested by low normal force (1 N), reflecting polymer 

relaxation which was essential prior to any rheological measurement. 

Measurements were done using software Rheoplus version 3.62. 

Various sets of tests were carried out as follows: 

2.5.4.1 Strain sweep 

An oscillatory strain amplitude sweep was carried out to determine the LVE region 

for each polymer grade used (20K, 200K and 2M). The angular frequency was 

set at 1 rad/s and strain range under investigation was between 0.1 and 100%. 

PEO2M  was melt at 160 °C, left to relax isothermally for 5 min and then cooled 
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down to test temperature (140 and 70 ˚C). Other grades were set at the test 

temperature and left to relax for 5 min prior to the actual experimentation. Each 

test was run in duplicate. The range of tolerance for LVE measurement was set 

at 5% where all the loss modulus points deviating less than 5 % from the average 

plateau value were considered within the LVE range. LVE range was frequency 

dependant, so it was important to specify at which frequency the LVE range was 

measured.  

2.5.4.2 Frequency sweep 

Frequency sweep describes a time dependent behaviour. A high frequency value 

resembles the fast motion in a short timescale, while a low frequency simulates 

the slow motion in a long timescale. The test was run from the maximum to 

minimum frequency to shorten the testing period due to shorter adjustment time 

of the controller (Mezger 2015b). It is a precondition to run a strain sweep to 

measure the LVE region prior to any frequency sweep. The angular frequency 

range was set from 100 to 0.1 rad/s at 1% strain over various temperatures (68, 

100 and 120 ̊ C for PEO20K and 100, 120 and 140 ̊ C for PEO200K and PEO2M). 

PEO2M was melt at 160 °C, left to relax isothermally for 5 min and then cooled 

down to test temperature. Each test was run in duplicate and the distance 

between the two parallel plates was set at 0.5 mm prior to trimming.  

2.5.5 Hot Stage Microscope (HSM) 

A hot stage microscope is an analytical tool that combines microscopy and 

thermal analysis for system observation over a temperature range of interest. It 

allows for observing the material at high magnification during heat treatment 

(heating or cooling regime) for any possible change in structure and physical 
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properties. It is also used as a complementary analytical technique to DSC 

(Šimek et al. 2014). 

HSM can detect crystallisation, melting, softening, thermal expansion, flowing 

and morphology changes corresponding to temperature change by analysing 

images of the sample recorded upon heat application. The modern instrument is 

fitted with a camera that allows for continuous recording of frame-by-frame film 

which can be further analysed for various measurements such as crystallisation 

and melting kinetics, particle size and shape. Data collected by this technique 

were considered of high significance in the pharmaceutical field (Panna et al. 

2016).  

The hot stage microscope used in this study was composed of a polarized 

microscope with a digital camera (Zeiss AxioCam MRc 5, Germany) fitted with a 

temperature controlled stage (Linkam THMS600, UK) which holds the sample in 

a closed system (figure 2.9). The lens used for crystallisation detection was 

mainly a 5x lens to allow for a large observation area. The particle size distribution 

range for powder blends PEOs was similar to ranges used in DSC experiments 

(75-125 μm). Various protocols were established for the three different molecular 

weights and their blends (details in chapter 4).  
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Figure 2-8 Hot stage polarized microscope 
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2.5.6 Scanning electron microscope (SEM) 

SEM is an analytical tool used in pharmaceutical research and development for 

quality control and morphology observation. An electron gun is used to generate 

beams of electrons which are accelerated to the set voltage and scanned over 

the sample surface in a vacuum condition. The interaction between the primary 

incident electron beam and the specimen is complex and generates various sets 

of signals which could be beneficial for imaging the specimen surface. The two 

main types of signals used for imaging the surface are: 

➢ Elastic scattering: characterised by negligible energy loss. This high 

energy scattering generates backscattered electrons (BSE) which reveal 

the composition of the sample.  

➢ Inelastic scattering: transfers energy to the specimen surface atoms. This 

low energy scattering generates secondary electrons (SE) which carry 

information from the surface layer revealing the surface morphology of the 

specimen. This scattering is mainly used for topography investigation. 

The SEM signals are then collected by an electron detector and transformed into 

pixels to create the image of the surface morphology. 

SEM used in this work was a TM3000 advanced table-top electron microscope 

(Hitachi, Japan) equipped with a cartridge filament electron gun and a high-

sensitivity semiconductor BSE detector (figure 2.9). This advanced microscope 

offers image insulating materials which ease the sample preparation (no need for 

specimen coating). Images of cross-sectioned caplets were examined at two 

accelerating voltages: 5 kV (for surface layer) and 15 kV (for subsurface layer).  
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Figure 2-9 Bench-Top scanning electron microscope (SEM) 
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Chapter 3 

 

3 Thermal, Structural and Rheological 
Characterisation of Pure Polyethylene Oxide (PEO) 
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3.1 Introduction 

Prior to any processing of the candidate polymer for this research, the basic 

characterisation of three molecular weights of Polyethylene Oxide (PEO); 20K, 

200K and 2M will be investigated in this chapter. The results of this chapter will 

set the ground for further investigation of the polymeric formulation production via 

IM (chapter 5) as a shear induced technique used in pharmaceutical industry.  

Thermal, rheological and structural characterisation of pure PEO in this chapter 

reflects the status of PEO as raw materials (as received) under previous unknown 

thermal and mechanical history. This is the status of the raw material expected 

to be used in industrial production. For research purposes, some 

characterisations took place under certain known process conditions which 

reflect the status of the relaxed PEO (no shear or mechanical stress during 

crystallisation). An example of this is melting the PEO well above melting point to 

erase any previous history and cooling the system back under controlled 

quiescent conditions. The crystallisation behaviour noted under quiescent 

conditions in this chapter will be compared to the shear-induced crystallisation 

during injection moulding process in chapter 5. 

3.2 Chapter outline 

The main objective of this chapter is to run basic characterisation of pure PEO to 

understand its behaviour prior to any further production. The chapter is divided 

into three sections. The first section considers the thermal analysis of pure PEOs 

starting by thermal gravimetric analysis (TGA) to disclose the safe temperature 

range for any further heat treatment. The second section compares the melting 

and crystallisation of pure PEOs at various cooling rates and a standard DSC 
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regime will be chosen for further DSC measurements. Crystal structures of 

different grades of pure PEOs will then be explored using PXRD and compared 

to structures in Cambridge structural database to understand the internal 

structures and any possible polymorphs they may have. The final section 

presents the rheological study of the PEO using shear oscillatory rheometer to 

draw a picture of the rheological behaviour of this polymer under a range of strain 

and frequency. 

3.3 Materials and methodology 

3.3.1 Materials 

Three molecular weights of PEO were used in this chapter to investigate thermal, 

structural and rheological responses of the pure polymers. The polymers are 

referred to as PEO20K, PEO200K and PEO2M. Full specifications of these 

polymers are explained in chapter 2 (section 2.2). 

3.3.2 Thermal analysis of pure PEOs using TGA and DSC 

Pure powder PEOs (particle size 75-125 μm) were analysed by TGA in duplicate 

tests at heat rate 10 ᵒC/min and sample size 25 ± 1 mg. Temperature range used 

was 25–600 °C.  

After initial testing with TGA, semicrystalline pure PEOs were investigated in 

DSC. The polymer was tested in a heat-cool regime as follows: 

➢ Heating stage from 25 ᵒC to 140 ᵒC at heating rate 10 ᵒC/min. 

➢ Isothermal stage for 5 min at 140 ᵒC to assure the full melting of PEO 

before further cooling.  
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➢  Cooling stage from 140 ᵒC to 25 ᵒC at various cooling rates. A comparison 

between four cooling rates is presented in this chapter. The cooling rates 

compared were 10, 5, 2, 1ᵒC/min. 

The sample size used for DSC experiments was 5 ± 1 mg. Pan and lid used were 

T-zero aluminium. 

3.3.3 Structural analysis using XRD 

Characterisation of the solid state PEO was carried out to define the specific 3-D 

spacing of planes in all directions, which is considered a fingerprint for the 

polymer. The structural analysis was probed using Bruker D-8 X-ray powder 

diffractometer (Germany) at room temperature (20 ̊C). A powder sample was 

mounted using a suitable plastic holder and the particles were levelled to achieve 

random orientation. Samples were analysed in triplicate at 2θ range from 5° to 

40°, 0.02° step size, 2 s time count, 1°receiving slit and 0.2° scatter slit. X-rays of 

a copper source with wavelength 0.154 nm were used in this study. More details 

and technical information are briefed in section 2.5.3. 

3.3.4 Rheological study using shear oscillatory rheometer 

Rheological characterisation of PEO20K, 200K and 2M was carried out using a 

shear oscillatory rheometer. Strain sweep was done first to determine the safe 

range of strain which falls within the LVE region. Once the region was measured, 

a frequency sweep took place to investigate the rheological behaviour of the 

material under a range of frequencies applied (100-0.1 rad/s). Temperatures 

used and other conditions’ parameters are presented in section 2.5.4 
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3.4 Results and discussion 

Three subsections in this chapter will look at the thermal properties, crystal 

structures and basic rheological properties of pure PEO investigated by 

thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), X-ray 

powder diffraction (XRPD), and shear oscillatory rheometry.  

3.4.1   Thermal Analysis of pure powder PEO of various molecular 

weights 

Thermal analysis of pure PEO will be presented in this section starting with 

decomposition temperature determination via TGA. Subsequently, the role of 

cooling rate in crystallisation of pure PEO will be investigated by DSC. 

3.4.1.1 Decomposition of pure PEO inspected by Thermogravimetric Analysis 

(TGA) 

TGA was conducted to assess the temperature range for PEO processing for use 

in any further techniques that include thermal treatment, such as DSC, hot stage 

microscopy and injection moulding. In the following DSC experiments, the upper 

temperature was set well below the decomposition temperature of the sample to 

avoid noisy drifting responses and contamination of the furnace chamber in DSC 

(Gabbott 2008). 

It is important to note that the method of measuring decomposition temperature 

in TGA is not the automated extrapolated onset temperature method. Although it 

is widely used in the literature, it is not safe to consider that temperature as the 

upper limit temperature for further heat-involved processing. At the extrapolated 

point, more than 25% of the sample would have been degraded as found in 

PEO20K ground form. Instead, the manual method of 5% deviation from the 
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linear fitted line was used to measure the onset of decomposition temperature in 

TGA studies. 

The figures 3.1 – 3.4 showed that the onset of decomposition temperature varied 

with molecular weight. Table 3.1 summarises the onset of decomposition 

temperature values which ranged from 251.9 °C (for ground PEO 20K) to 359.7 

°C (for PEO 2M). Figure 3.1 presents the effect of the particle size on the 

decomposition temperature and indicates that the ground form of PEO20K 

degraded at an earlier temperature compared to the original flake form. All PEOs 

were compared, and the role of the molecular weight and its effect on the 

decomposition behaviour (onset and rate of decomposition) is clearly shown in 

figure 3.2. All PEO grades shared a similar end point of decomposition which was 

around 415 °C but they varied in the onset and rate of decomposition. As 

molecular weight increased the polymer start degrading at a higher temperature 

and faster rate as found in literature (Beyler and Hirschler 2016). Accordingly, all 

further thermal processing of PEO and their blends were carried out at 

temperatures below 250 °C to avoid any material decomposition. 

These figures also show that PEO did not contain significant volatile content, i.e., 

water or other solvents because no weight loss was detected prior to 

decomposition. The thermogravimetric curves also showed that PEO 

decomposed in one step (Calahorra et al. 1985). It was also observed at the end 

of the experiments that PEOs of different grades were fully decomposed (residual 

mass ≤ 10 %). 
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Table 3-1 Onset of decomposition temperature via TGA for various grades of PEO 

Decomposition 
temperature 

PEO20K 
ground 

PEO20K 
flake 

PEO200K PEO2M 

Onset Temp (°C) 251.9 ± 1.4 280.3 ± 3.8 353.7 + 16.3 359.7 ± 0.4 

 

 

Figure 3-1 Duplicate TGA profiles of PEO 20K original flake form (blue and green) and 
ground form (red and black) 
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Figure 3-2 Representative TGA profiles of PEO20K original flake (blue), PEO20K ground 
form (green), PEO200K (red) and PEO2M (black) 

 

The mechanism of PEO thermal degradation was demonstrated as random-chain 

scission. The presence of end-chain scission was debated (Madorsicy and Straus 

1959; Beyler and Hirschler 2016). The two mechanisms suggest the breaking of 

the main chain bonds, i.e. C-C bond and C-O bond, occurs either at random 

locations in the polymer chain or at the chain end. The resultant product varies 

depending on scission point and include monomers, oligomers, ethylene oxide, 

and other components (Barroso-bujans et al. 2011).  

3.4.1.2 Thermal behaviour of various grades of pure PEO using DSC at various 

cooling rates 

PEOs of different grades (20K, 200K and 2M) were compared at heating rate 10 

ᵒC/min (throughout the entire chapter) and four cooling rates; 10, 5, 2 and 1 
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°C/min. Duplicate experiments were done for each test and the values were 

presented as an average of the two tests ± standard deviation. Temperature 

points were measured according to the typical DSC model graph (figure 3.3). 

PEO20K was used after reducing particle size by crushing the original flake into 

powder form in the range of 75-125 μm. 

 

Figure 3-3 reprinted from figure 2.4. DSC typical graph for PEO (bottom red line always 
represents heating stage and top blue line always represents cooling stage) 

 

A- At cooling rate 10 °C/min 

Figure 3.4 and table 3.2 showed a direct proportion between the melting 

temperature and the molecular weight; as the molecular weight increased the 

melting temperature increased. Higher energy was needed in order to 

disentangle the longer chains of the higher molecular weight. During the cooling 

step, PEO20K behaved similar to PEO200K in terms of Tc1 and Tc2 (onset of 
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crystallisation and peak crystallisation temperatures, respectively). The highest 

molecular weight PEO2M had distinctive higher values when compared to the 

other two grades.  

The difference in enthalpy between melting and crystallisation transition was also 

in direct proportion with PEO molecular weight. The short chains of PEO20K 

rearrange themselves easily upon cooling which results in a higher degree of 

crystallinity (difference in enthalpy between melting and recrystallisation 

transition was 8.7 J/g). In contrast, PEO2M struggled to rearrange all the long 

chains in three directions in the time scale of the test resulting in higher 

amorphous proportion compared to pre-melt PEO (difference in enthalpy 

between melting and crystallisation events was around 56.4 J/g). 

 

Figure 3-4 Representative DSC profiles of PEO20K, PEO200K and PEO2M at cooling rate 
10 °C/min and heating rate 10 ᵒC/min (Exothermic event is up) 

 



97 
 

Table 3-2 Melting and recrystallisation profiles for various grades PEO measured by DSC 
at cooling rate 10°C/min and heating rate 10 ᵒC/min. Tests were done in duplicate and 

presented as average ± SD 

Cool rate 
10°C/min 

Melting transition Re-crystallisation transition 

Tm (°C) Enthalpy (J/g) Tc1 (°C) Tc2 (°C) 
Enthalpy 

(J/g) 

PEO20K 64.9 ± 0.2 175.5 ± 1.2 49.9 ± 0.4 45.7 ± 0.6 166.8 ± 1.1 

PEO200K 67.2 ± 0.2 177.4 ± 3 50.0 ± 0.1 45.4 ± 0.3 130.7 ± 2.7 

PEO2M 70.6 ± 0.1 170.0 ± 1 51.4 ± 0.1 48.1 ± 0.1 113.6 ± 0.4 

 

B- At cooling rate 5 °C/min 

Figure 3.5 and the table 3.3 show a direct proportion between the melting 

temperature and the molecular weight; as the molecular weight increased the 

melting temperature increased. Higher energy was needed in order to 

disentangle the longer chains of the higher molecular weight. In the cooling step, 

the lower two PEOs behaved similarly while PEO2M had a significantly higher 

Tc1 and Tc2. The difference in enthalpy between melting and crystallisation 

transitions was also in direct proportion with PEO molecular weight. The short 

chains of the lowest molecular weight PEO20K rearrange themselves easily upon 

cooling which results in higher crystalline proportion (difference in enthalpy 

between melting and crystallisation event was only 8.1J/g). In contrast, PEO2M 

struggle to rearrange all the long chains in the time scale of the test resulting in 

higher amorphous proportion compared to pre-melt PEO (difference in enthalpy 

between melting and crystallisation reached 69.1 J/g). 
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Figure 3-5 Representative DSC profiles of PEO20K, PEO200K and PEO2M at cooling rate 
5 °C/min and heating rate 10 ᵒC/min (Exothermic event is up) 

 

Table 3-3 Melting and recrystallisation profiles for various grades PEO measured by DSC 
at cooling rate 5 °C/min and heating rate 10 ᵒC/min. Tests were done in duplicate and 

presented as average ± SD 

Cool rate  
5°C/min 

Melting transition Re-crystallisation transition 

Tm (°C) Enthalpy (J/g) Tc1 (°C) Tc2 (°C) 
Enthalpy 

(J/g) 

PEO20K 64.8 ± 0.2 174.02 ± 1.3 50.5 ± 0.0 45.3 ± 0.0 165.9 ± 0.9 

PEO200K 67 ± 0.0 180.6 ± 1.6 50.3 ± 0.4 45.6 ± 0.4 129.6 ± 2.5 

PEO2M 69.9 ± 0.2 174.9 ± 1.8 52.7 ± 0.1 50.0 ± 0.0 105.8 ± 0.2 

 



99 
 

 

C- At cooling rate 2 °C/min 

Figure 3.6 and table 3.4 show a direct proportion between the melting 

temperature and the molecular weight; as the molecular weight increases the 

melting temperature increases. Higher energy was needed in order to 

disentangle the longer chains of the higher molecular weight. In the cooling step, 

melting temperatures of PEO20K and PEO200K were close to each other, with 

higher values for the lower molecular weight. PEO2M had significantly higher Tc1 

and Tc2 values compared to lower PEO grades.  

The difference in enthalpy between melting and crystallisation transitions was 

also in direct proportion with PEO molecular weight. The short chains of the 

lowest molecular weight PEO20K rearrange themselves easily upon cooling 

which results in higher degree of crystallinity (difference in enthalpy between the 

melting and crystallisation event was only 5.1 J/g). In contrast, PEO2M struggle 

to rearrange all the long chains in the time scale of the test resulting in a lower 

degree of crystallinity compared to lower grades of PEO (difference in enthalpy 

between the melting and crystallisation event reached 66.3 J/g). 
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Figure 3-6 Representative DSC profiles of PEO20K, PEO200K and PEO2M at cooling rate 
2 °C/min and heating rate 10 ᵒC/min (Exothermic event is up) 

 

 

Table 3-4 Melting and recrystallisation profiles for various grades PEO measured by DSC 
at cooling rate 2°C/min and heating rate 10 ᵒC/min. Tests were done in duplicate and 

presented as average ± SD 

Cool rate 
2°C/min 

Melting transition Re-crystallisation transition 

Tm (°C) Enthalpy (J/g) Tc1 (°C) Tc2 (°C) 
Enthalpy 

(J/g) 

PEO20K 64.3 ± 0.1 177.5 ± 3.4 52.1 ± 0.2 47.3 ± 0.3 172.4 ± 4.5 

PEO200K 66.9 ± 0.2 179.9 ± 5.3 50.7 ± 0.3 46.2 ± 0.1 131.8 ± 4.3 

PEO2M 69.8 ± 0.1 177.9 ± 0.0 53.9 ± 0.1 51.5 ± 0.1 111.57 ± 2.0 
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D- At cooling rate 1 °C/min 

Figure 3.7 and table 3.5 show a direct proportion between the melting 

temperature and the molecular weight; as the molecular weight increases the 

melting temperature increases. Higher energy was needed in order to 

disentangle the longer chains of the higher molecular weight. In the cooling step, 

PEO20K showed median values of Tc1 and Tc2 compared to the other two PEO.  

The difference in enthalpy between melting and crystallisation transitions was 

also in direct proportion with PEO molecular weight. The short chains of the 

lowest molecular weight PEO20K rearranged themselves easily upon cooling 

which resulted in a higher degree of crystallinity. The polymer at this grade can 

retain the same crystallinity degree if allowed to crystallise over a longer 

timescale (difference in enthalpy between melting and crystallisation was only 1.7 

J/g). In contrast, PEO2M struggled to rearrange all the long chains in the 

timescale of the test resulting in a lower degree of crystallinity compared to other 

grades of PEO (difference in enthalpy between melting and crystallisation 

reached 69.2 J/g). 
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Figure 3-7 Representative DSC profiles of PEO20K, PEO200K and PEO2M at cooling rate 
1 °C/min and heating rate 10 ᵒC/min (Exothermic event is up) 

 

Table 3-5 Melting and recrystallisation profiles for various grades PEO measured by DSC 
at cooling rate 1°C/min and heating rate 10 ᵒC/min. Tests were done in duplicate and 

presented as average ± SD 

Cool rate 
1°C/min 

Melting transition Re-crystallisation transition 

Tm (°C) Enthalpy (J/g) Tc1 (°C) Tc2 (°C) 
Enthalpy 

(J/g) 

PEO20K 64.1 ± 0.1 181.5 ± 1.2 53.1 ± 0.3 49.6 ± 0.0 179.8 ± 1.5 

PEO200K 66.4 ± 0.1 183.8 ± 0.4 51.9 ± 0.1 47.7 ± 0.1 136.3 ± 1.8 

PEO2M 69.7 ± 0.4 175.7 ± 2.6 54.6 ± 0.0 52.4 ± 0.0 106.8 ± 2.8 
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3.4.1.3 Comparison of crystallisation behaviour of various pure PEO grades 

using DSC at various cooling rates  

Crystallinity degree, onset of crystallisation and peak crystallisation temperature 

of various grades of PEO are compared in this section at various cooling rates. 

For polymers, absolute value of crystallinity is meaningless. Instead, the 

difference in enthalpy between the melting and crystallisation transition (table 3.6) 

will give an idea about the crystallinity difference between the raw polymer (as 

received, unknown history) and the processed polymer (under specific DCS 

conditions). The enthalpy difference will be measured according to the following 

equation: 

Enthalpy of the melting transition – enthalpy of crystallisation transition 

Figure 3.8 showed that the difference of enthalpy values of PEO200K and 

PEO2M was significantly large (˃ 46 J/g) and did not show any trend when plotted 

against the cooling rate. This means that these two grades struggled to 

recrystallise to the same extent of the original state (before melting) at the tested 

cooling rates. The big difference of enthalpies between melting and crystallisation 

of PEO200K and PEO2M could be attributed to the entanglements of the long 

chains which makes the order of chains in 3 dimensions difficult to achieve within 

the time scale of the experiment. This means that processing the high molecular 

weight PEO above melting temperature resulted in losing a good amount of 

crystalline proportion, and hence, affecting the physicochemical properties. 

PEO20K, on the other hand, was sensitive to the cooling rate, and the difference 

in enthalpy decreased as the cooling rate decreased (reaches 1.7 J/g at 1 

°C/min). The short chains of molten PEO20K are easily packed in 3 dimensions 

order upon cooling at the tested cooling rates. When tested at low cooling rate (1 
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°C/min), PEO20K had the ability to retain a similar degree of crystallinity as the 

original polymer (before melting). 

 

Figure 3-8 Comparison of difference in enthalpy (J/g) for PEO20K, PEO200K and PEO2M 
at cooling rates 1, 2, 5 and 10 °C/min 

 

Table 3-6 Difference in enthalpy values for PEO20K, PEO200K and PEO2M at cooling 
rates 1, 2, 5 and 10 °C/min 

Cooling rate 
(°C/min)  

Difference in Enthalpy between melting and 
crystallisation transitions (J/g) 

PEO20K PEO200K PEO2M 

10 8.7 46.7 56.4 

5 8.1 51 69.1 

2 5.1 48.2 66.3 

1 1.7 47.5 69.2 
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As indicated by figure 3.9 the onset of crystallisation transition (Tc1) was detected 

at earlier stages (higher temperatures) when a lower cooling rate was applied to 

molten PEOs. For example, when 10 °C/min cooling rate was applied to molten 

PEO2M Tc1 was detected at 51.4 °C while at 1 °C/min the onset was 54.6 °C. 

Tc1 of PEO2M was significantly higher than other PEOs at the cooling rates tested 

(table 3.7). On the other hand, PEO20K and PEO200K showed no significant 

variation in the onset at cooling rates 10 and 5 °C/min. At lower cooling rates 

however (1 and 2 °C/min), the onset of crystallisation of PEO20K was higher than 

that of PEO200K. 

 

 

 

Figure 3-9 Comparison of crystallisation onset (Tc1) for PEO20K, PEO200K and PEO2M at 
cooling rates 1, 2, 5 and 10 °C/min 
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Table 3-7 Crystallisation onset (Tc1) for PEO20K, PEO200K and PEO2M at cooling rates 1, 
2, 5 and 10 °C/min 

Cooling rate 
(°C/min)  

Onset of crystallisation Tc1 (°C) 

PEO20K PEO200K PEO2M 

10 49.9 50 51.4 

5 50.46 50.29 52.69 

2 52.07 50.72 53.89 

1 53.06 51.99 54.59 

 

Peak crystallisation temperature (Tc2), shown in figure 3.10, was also detected at 

earlier stages (higher temperatures) when lower cooling rates were applied. For 

example, when 10 °C/min cooling rate was applied to PEO2M, Tc2 was detected 

at 48.1 °C while at 1 °C/min, Tc2 was detected at 52.4 °C.  

The figure also shows that Tc2 of PEO2M was significantly higher than other 

PEOs at the cooling rates tested. On the other hand, PEO20K and PEO200K 

showed no significant variation in Tc2 at cooling rates 5 and 10 °C/min. At lower 

cooling rates (1 and 2 °C/min), Tc2 of PEO20K was higher than PEO200K (table 

3.8). 
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Figure 3-10 Comparison of peak crystallisation temperature (Tc2) for PEO20K, PEO200K 
and PEO2M at cooling rates 1, 2, 5 and 10 °C/min 

 

Table 3-8 Peak crystallisation temperature (Tc2) for PEO20K, PEO200K and PEO2M at 
cooling rates 1, 2, 5 and 10 °C/min 

Cooling rate 
(°C/min)  

Peak crystallisation Tc2 (°C) 

PEO20K PEO200K PEO2M 

10 45.7 45.4 48.1 

5 45.34 45.61 50.04 

2 47.27 46.17 51.53 

1 49.57 47.68 52.38 

 

 

So, for better contrast between various grades, 1 and 2 °C/min cooling rates were 

found to be better than other cooling rates as they showed a distinctive contrast 

between all polymer grades. To save time and maintain the contrast, the 2 °C/min 

cooling rate was considered for all further analysis.  
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3.4.2   Crystal structure of PEO using PXRD 

PEO powder of different grades was analysed using PXRD. The X-ray diffraction 

pattern of PEO showed distinguished diffraction peaks at 19.24ᵒ and 23.4ᵒ (figure 

3.13) which fall in the diffraction peaks range of the pure PEO in literature, 19 - 

19.36ᵒ and 23 - 23.52ᵒ, respectively (Pittarate et al. 2011; Sharma 2012). 

Three different grades of PEO (20K, 200K, and 2M) powders were tested using 

PXRD. Their spectrograms illustrated no difference between the main peaks of 

these three grades (figure 3.11). This result was compatible with literature 

findings which demonstrated that the molecular weight of PEO did not affect its 

polymorphism. The study analysed different grades of PEO, ranging from 2K to 

4,5M, and found that all these grades have the same spectrogram, i.e. same 

polymorph (Ozeki et al. 1999).  

Therefore, one grade will be used to compare with structures of PEO reported in 

crystal structure database or other published works. 

 

Figure 3-11 XRD patterns for various grades PEO; 20K, 200K, 2M 
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3.4.2.1 Comparison with structures in database: 

Cambridge structure database provided three different hits of polyethylene oxide 

and polyethylene glycol, and their CSD codes were LILYOU, LILYOU01 and 

LILYOU02. Both PEO and PEG had identical chemical structures (figure 1.3) but 

different molecular weights. PEG ranged from 200 to 20K and at molecular weight 

higher than 20K the polymer was called PEO. The details of the database 

spectrograms are tabulated in Table 3.9. 

PEO 20K, as a representative of other PEO molecular weights, was compared 

with crystal structures of PEO and PEG found in Cambridge Structure Database 

(CSD).  

Table 3-9 Structures from database; key information 

 

R-factor is a precision tool to assess the matching between the refined structural 

model and the experimental structure. R-factor must be less than 20% to be 

acceptable as a reference (Holton et al. 2014). The higher the R-factor is, the 

lesser the matching is achieved. As shown in Table 3.9, the R-factor of LILYOU01 

was 34.6% which is considered high and reflects bad matching quality but could 

still be promising as the model is considerably old. In contrast, LILYOU and 

LILYOU2 had a fair value of R-factor (below 20%) and showed good quality 

matching between experimental structures and calculated ones.  

 
Submission 

date 
R-factor % Temp (°C) Grade 

LILYOU 1973 10.1 10-30 PEO 

LILYOU01 1973 34.6 10-30 PEO 

LILYOU02 2009 14.03 -123 PEG 
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When comparing the experimental spectrogram of PEO, represented by PEO 

20K, to those listed in CSD; the experimental spectrogram shows similarity in 

distinctive peaks when compared to LILYOU02 and LILYOU01. However, the 

LILYOU spectrogram has peak-shifts compared to others (Figure 3.12).  

LILYOU02 was conducted at -123°C while the analysed sample in this study was 

carried out at 20°C. The unit cells of PEO would expand when temperature 

increases, and so according to Bragg’s law, PEO 20K analysed at temperature 

293K are expected to diffract X-ray at lower 2θ angles. 

 

Figure 3-12 Comparison between XRD spectrograms from database and experimental 
data of PEO20K (A) Experimental data of PEO20K, (B) LILYOU01 from CSD, (C) LILYOU02 
from CSD, (D) LILYOU from CSD 
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the behaviour of the polymer under various frequencies, giving insight about the 

shear conditions applied in the injection moulding process in chapter 5. 

3.4.3.1 Amplitude sweep 

 Shear strain amplitude sweep with controlled shear deformation was performed 

at constant frequency and variable amplitudes (strains) for three grades PEO: 

20K, 200K and 2M. The linear viscoelastic region (LVE) was determined for 

further rheological analysis. To determine the temperature level of interest, the 

injection temperature of the binary PEO blends processed via injection moulding 

was considered as a reference.  

The amplitude sweep was run at the two extreme temperatures of 70 °C and 140 

°C. The chosen temperatures were the injection temperatures set for the IM 

process in chapter 5. The LVE region was determined by looking at the amplitude 

sweep of the two temperatures, and the strain chosen for further frequency sweep 

analysis was in the LVE of the two temperatures. The average plateau values of 

the loss modulus points for each temperature was calculated from the points 

showing less than 1% change. For precise and systematic LVE region 

determination, the tolerance range of deviation for loss modulus (Gʺ) around the 

plateau value considered in this study was 5 % deviation. LVE region is frequency 

dependant, so it is important to specify at which frequency the LVE region was 

measured (Thomas G. Mezger 2014b). 

A- PEO20K 

The average plateau values of the loss modulus for PEO20K tested at 70 ˚C and 

140 ̊ C were equal to 31.7 Pa and 5.7 Pa, respectively. All the loss modulus points 

deviating less than 5 % from the average plateau value were considered within 
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the LVE region. For PEO 20K at angular frequency 1 rad/s, the LVE region fell 

between 0.1 and 100 % for both temperatures (figure 3.13).  

 

Figure 3-13 Strain amplitude sweep of PEO20K at frequency 1 rad/s and two 
temperatures; 70 ˚C and 140 ˚C  
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B- PEO200K 

The average plateau values of the loss modulus for PEO200K tested at 70 ˚C 

and 140 ˚C were equal to 13,491.7 Pa and 2,823.3 Pa, respectively. Figure 3.14 

showed that the LVE region at angular frequency 1 rad/s falls between 0.1 and 

14.7 % for both temperatures.  

 

Figure 3-14 Strain amplitude sweep of PEO200K at frequency 1 rad/s and two 
temperatures; 70 ˚C and 140 ˚C 
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C- PEO2M 

The average plateau values of the loss modulus for PEO2M tested at 70 ˚C and 

140 ˚C were equal to 89,600 Pa and 2,060 Pa, respectively. Figure 3.15 shows 

that the LVE region at angular frequency 1 rad/s falls between 0.1 and 46 % for 

both temperatures.  

 

 

Figure 3-15 Strain amplitude sweep of PEO2M at frequency 1 rad/s and two temperatures; 
70 ˚C and 140 ˚C 
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3.4.3.2 Temperature dependence viscosity for various PEO grades 

The previous strain sweep at two temperatures 70 ˚C and 140 ˚C will be 

discussed across the three grades of pure PEO to highlight the temperature and 

molecular weight effect on viscosity of the polymer. 

Figure 3.16 showed the distinct rheological properties of the three grades PEO 

at the two temperatures. Although all three grades were found to be in the molten 

state thermally at 70 ˚C (Tm ≤ 70 ˚C), the rheological study showed that at this 

temperature, the behaviour of PEO2M was different than that of other grades 

where Gʹ ˃  Gʺ. The viscoelastic polymer behaved like a solid at shear strain lower 

than 21.40 % (crossover point). This strain value is the flow point of PEO2M at 

70 ˚C and 1 rad/s. The solid-like structure around melting point in PEO2M 

explains the failure to process this grade at this temperature via IM as found in 

chapter 5. Instead the polymer had to be heated up to 140 ˚C where the large 

value of loss modulus and the difference between the storage and loss moduli 

allowed easy processing and shaping of the polymer. The figure also showed that 

the loss modulus for PEO 20K was almost stable within the strain values studied. 

For higher grades, the storage and loss moduli decrease with increasing strain 

which is a manifestation of shear thinning behaviour of the polymer (Mezger 

2015a). 
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Figure 3-16 Strain amplitude sweep comparison of PEO 20K, 200K and 2M at frequency 1 
rad/s and two temperatures; 70 ˚C and 140 ˚C 
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Table 3-10 Storage (Gʹ) and loss (Gʺ) moduli for PEO 20K, 200K and 2M at 70 and 140 ˚C 

 
Gʹ at 70 ˚C 

(Pa) 
Gʺ at 70 ˚C 

(Pa) 
Gʹ at 140 ˚C 

(Pa) 
Gʺ 140 ˚C 

(Pa) 

PEO20K 0.06 31.7 0.01 5.7 

PEO200K 5,918 13,492 805 2,823 

PEO2M 105,540 89,707 1,015 2,702 

 

3.4.3.3 Frequency sweep of pure PEOs 

For frequency sweep tests of the three grades PEO 20K, 200K and 2M, it is 

usually required that the measurements be carried out at shear strain levels within 

the LVE region. Looking at the LVE region of the three grades in section 3.4.3.1, 

the strain value of 1 % is located within the range for all PEOs, hence was 

considered for further frequency sweep tests. 

A frequency sweep of the three grades PEO was carried out at 1 % strain and 

various measuring temperatures (depending on the molecular weight). To avoid 

thermal degradation of the polymer while testing at a high temperature, a 

frequency sweep test was carried out at the highest temperature before and after 

the actual experiments. The TGA study showed that the degradation of the three 

grades PEO did not start before 250 C˚ but this value was measured in a nitrogen 

environment. If the test was done in an open system, the air will facilitate the 

degradation at earlier temperatures. Therefore, it was important to check that the 

sample was not decomposed at the end of the test by comparing the results of 

the first test with the last test under the same conditions and parameters 

(Appendix B). 
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A- PEO20K 

As figure 3.17 shows, the loss modulus was much higher than the storage 

modulus which indicates that the material exhibits viscoelastic liquid behaviour 

even at melting point region (peak melting point was around 64.5 ˚C). In fact, the 

storage modulus was considerably low, to the point that the machine was unable 

to measure it accurately. This is an indication of the terminal relaxation phase. 

This is augmented by the linear behaviour of the complex viscosity in the 

frequency range tested which showed no significant shear sensitivity. The 

material under the processing conditions is considered a viscoelastic liquid which 

is expected for low molecular weight PEO. For PEO at a lower temperature (68 

˚C) the polymer was building up the elasticity as the frequency increased but the 

viscous properties were still predominant over the frequency range tested. Also, 

the temperature-dependent rheological moduli were clear in the graph where loss 

modulus and complex viscosity decreased with increasing temperature.  
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Figure 3-17 Frequency sweep of PEO20K at 1 % strain across three temperatures; 120, 
100, 68 ˚C presenting storage and loss moduli (left axis) and complex viscosity (right 
axis) 
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sensitivity. The viscosity decreased at a higher rate as the frequency increased 

which indicates a shear thinning behaviour.  

The graph also showed that as the temperature increased from 100 to 140 ˚C, all 

moduli decreased because of the lower viscosity which causes less resistance to 

shearing force.  

 

 

Figure 3-18 Frequency sweep of PEO200K at 1 % strain across three temperatures; 120, 
100, 68 ˚C presenting storage and loss moduli (left axis) and complex viscosity (right 
axis) 
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C- PEO2M 

In general, the results of the frequency sweep for PEO2M were similar to those 

of PEO200K in terms of behaviour, except that the amplitudes of the moduli were 

larger (figure 3.19). The loss modulus was predominant over the lower frequency 

range (below 1 rad/s) and the storage modulus ran close to it, which indicates a 

viscoelastic liquid behaviour at this range far from the terminal relaxation zone. 

On the other hand, at high frequency, there was a significant dominance of 

elasticity over viscosity. For example, the loss modulus at 100 rad/s and 100  ̊C 

for PEO2M was measured at 36,600 Pa while, under the same conditions for 

PEO200K, it was measured at 143,000 which is a decrease of more than ten 

folds in value. This is due to the high entanglement of PEO2M compared to 

PEO200K. 

The complex viscosity for PEO2M is characterised by a steeper slope compared 

to PEO200K, which indicates high shear sensitivity due to high entanglement of 

the longer chains. 

Crossover points for the three temperatures were shifted to the lower frequency 

value (around 1 rad/s) compared to PEO200K (around 10 rad/s) which is 

expected for a higher molecular weight due to higher elasticity of the material 

(Mezger 2015b). 
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Figure 3-19 Frequency sweep of PEO2M at 1 % strain across three temperatures; 120, 
100, 68 ˚C presenting storage and loss moduli (left axis) and complex viscosity (right 
axis) 
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unless very careful condition parameters were applied (back pressure for 

PEO20K was 100 Bar, compared to 400 Bar for PEO200K, table 2.2). The other 

two grades (PEO200K and PEO2M) showed more or less similar elasticity 

behaviour, and the complex viscosity was more shear-sensitive in PEO2M when 

compared to PEO200K, which indicates more shear thinning behaviour due to 

the large entanglement and longer polymer chains. 

 

Figure 3-20 Frequency sweep of PEO 20K, 200K and 2M at 1 % strain and temperatures 
68, 140 and 140 ˚C, respectively. Storage and loss moduli are presented on left axis and 
complex viscosity on the right axis 
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3.5 Conclusion 

The main objective of this chapter was to investigate the basic characteristics of 

the material intended to be used throughout this research. A deep understanding 

of the behaviour of various grades PEO as a response to pre-set thermal and 

mechanical conditions will help in understanding the responses at more 

complicated conditions such as in IM. Thermal, rheological and structural 

characterisations of pure PEO were covered in this chapter. All thermal analysis 

was carried out under quiescent conditions to understand the polymer in a simple 

system. Rheological analysis was done at certain conditions to aid setting the 

right parameters for further IM processing. 

To start with, it is always essential to set the boundaries for thermal safe limits 

which guarantee minimal degradation of PEO while processing in heat-involved 

techniques. TGA was used to investigate the thermal decomposition range to 

avoid processing at similar points in further processing and characterisation. It 

was found that all PEO grades shared a similar end point of decomposition which 

was around 415 °C but they varied in the onset and rate of decomposition. The 

onset of decomposition temperature varied with molecular weight and ranged 

from 251.9 °C (for PEO20K) to 359.7 °C (for PEO2M). As molecular weight 

increased the polymer degraded at a higher temperature and a faster rate. PEO 

decomposes in one step and does not contain significant volatile content. The 

proposed mechanism of PEO thermal degradation was random-chain scission. 

The presence of end-chain scission was debated. Oxidative degradation was 

expected to be more enhanced in an open system compared to a closed one with 

a nitrogen environment due to the abundance of hydrogen bonding in the system. 
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Thermal analyses also included a DSC study on the effect of molecular weight 

on melting and crystallisation of various grades PEO; 20K, 200K and 2M. The 

results showed a direct proportion between Tm and MW; as the molecular weight 

increased the melting temperature increased. Crystallisation property of pure 

PEO were investigated in terms of difference in enthalpy between melting and 

crystallisation (relative change in crystallinity degree), onset of crystallisation (Tc1) 

and peak crystallisation temperature (Tc2) at heating rate 10 ᵒC/min and various 

cooling rates; 10, 5, 2 and 1 ˚C/min. The results showed that ∆ enthalpy is in a 

direct proportion with PEO molecular weight. ∆ enthalpy values of PEO200K and 

PEO2M were significantly large and did not show any trend when plotted against 

the cooling rate. This means that these two grades struggled to recrystallise to 

the same extent of the original state at the tested cooling rates.  

PEO20K, on the other hand, was sensitive to cooling rate and the difference in 

enthalpy was directly proportional to cooling rate. The short chains of molten 

PEO20K are easily packed in 3 dimensions order upon cooling at the tested 

cooling rates. When tested at low cooling rate (1 °C/min), PEO20K had the ability 

to retain a similar degree of crystallinity as the original polymer. Tc1 was detected 

at earlier temperatures when a lower cooling rate was applied to molten PEOs. 

Tc1 of PEO2M is significantly higher than other grades at tested cooling rates. On 

the other hand, PEO20K and PEO200K showed no significant variation in Tc1 at 

cooling rates 10 and 5 °C/min. At lower cooling rates (2 and 1 °C/min), Tc1 of 

PEO20K was higher than that of PEO200K. Tc2 showed similar behaviour as Tc1. 

As a result of thermal DSC analysis, 2 °C/min cooling rate will be considered for 

any further analysis as it showed a distinctive contrast between all polymer 

grades. 
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Structural analysis using PXRD showed no difference between the main peaks 

of pure PEO at various grades. The results were compatible with literature 

findings which presented one structure for PEO and no polymorphism was 

recorded.  

A rheological study carried out using a shear rheometer, started with strain sweep 

and LVE range determination. LVE range varied according to molecular weight 

and the common LVE range amongst the various grades of PEO fell in between 

0.1 and 14 % at angular frequency 1 rad/s for temperatures 70 and 140 ˚C. 

Although all three grades were found to be in the molten state thermally at 70 ˚C 

(Tm ≤ 70 ̊ C), the rheological study showed that at this temperature, the behaviour 

of PEO2M was different than other grades. The viscoelastic polymer behaved 

like a solid at shear strain lower than 21.40 % (crossover point; flow point). The 

solid-like structure around melting point in PEO2M explains the failure to process 

this grade at this temperature via IM applying low strain amplitudes as found in 

chapter 5. Instead the polymer had to be heated up to 150 ˚C where the large 

values of loss modulus and the difference between the storage and loss moduli 

allowed easy processing and shaping of the polymer. 

PEO20K was almost stable within the strain values studied (Newtonian 

behaviour). For higher grades, PEO showed a shear thinning behaviour. By 

increasing the temperature from 70 to 140 ˚C, the loss modulus dropped down 

around 5 folds the original value for PEO 20K and 200K. However, loss modulus 

of PEO2M showed around a 30-fold decrease in value when temperature 

increased from 70 to 140 ˚C. This dramatic change in loss modulus reflects the 

degree of entanglement of PEO2M and its reaction to temperature change in the 

tested conditions. 
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Frequency sweep results showed that PEO20K had low viscosity even at melting 

point region with no significant shear sensitivity. Rheological moduli (loss 

modulus and complex viscosity) were temperature-dependent and inversely 

proportional to temperature. For PEO200K, the loss modulus was predominant 

at lower frequencies (below 10 rad/s) indicating a viscoelastic liquid behaviour at 

this range. The storage and loss moduli ran parallel and close to each other below 

the crossover point, indicating that the material still exhibited viscoelastic 

properties with predominant viscous behaviour, but the terminal relaxation zone 

had not yet been reached. This is a clearly different behaviour than PEO20K, as 

the polymer at this grade has longer chains and contains more entanglement 

which stores energy and exhibits longer relaxation time. The complex viscosity of 

this PEO grade shows significant shear sensitivity. The viscosity decreased at a 

higher rate as the frequency increased which indicates a shear thinning 

behaviour.  

Rheological response for PEO2M was similar to PEO200K in terms of behaviour, 

but the amplitude was larger. On the other hand, at high frequency, there was a 

significant dominance of elasticity over viscosity in PEO2M. The complex 

viscosity for PEO2M is characterised by a steeper slope compared to PEO200K, 

which indicates higher shear sensitivity due to higher entanglement of the longer 

chains.  

The outcome of this chapter is to understand the limitations of using each grade 

of PEO in further study. The polymer needs to be thermally stable and 

rheologically flexible in order to be processed by IM as in chapter 5. Process 

parameters might be set differently for each grade to achieve the mentioned goal. 
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Chapter 4 

 

4 The Role of Molecular Weight and Process 
Temperature on Crystallisation of Polyethylene 
Oxide (PEO) Blends 
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4.1 Introduction 

Drug release from the matrix in pharmaceutical formulations is a complex 

interplay between the matrix and process conditions. Many approaches have 

been developed to alter drug release to achieve a wide range of intended usage 

from the immediate release to the controlled release. One of the common 

approaches is to use polymer blends based on their physicochemical properties 

and their proportions in the blend.  

Above all characteristics of PEO which are explained in section 1.1.4, the wide 

range of molecular weights from 300 to 8,000,000 g/mol allows its wide usage in 

many pharmaceutical dosage forms. Blending two polymers of the same 

structure but different molecular weight is found to influence the matrix properties 

and drug release from the dosage form (Cimmino et al. 1978). Drug release from 

a PEO-based matrix is controlled by erosion of the PEO matrix and the diffusion 

of the drug through the swollen gel layer at the surface of the matrix (Almeida et 

al. 2012). This mechanism is highly affected by the molecular weight of PEO 

where the low molecular weight is proven to be less viscous and the matrix 

erosion is much faster resulting in faster drug release rates compared to higher 

molecular weight of the same polymer (Quinten et al. 2011). Blending PEO of 

different molecular weight can be utilised to customise the drug release to 

achieve the target goal of the pharmaceutical dosage form. 

Looking at the microstructure of the binary PEO blends, it can be seen that the 

crystalline structures may vary according to the molecular weight and the 

crystallisation conditions. Crystallisation temperature is considered one of the 

most important factors that affect the crystallisation kinetics such as the 

nucleation density, crystal growth rate and the crystal habit (Araneda et al. 2012).  
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4.2 Chapter outline 

After initial study of the pure PEO of low, medium and high molecular weight in 

chapter 3, it is important to understand the behaviour of the polymeric blends at 

quiescent conditions prior to investigating the real manufacturing process in 

chapter 5. The aim of this chapter is to investigate the role of molecular weight in 

the binary PEO blends and the processing temperature effect on the 

crystallisation behaviour of the physical binary mixture.  

The chapter is divided in to three sections: the first one covers the thermal 

responses of binary blends at various proportions over a wide range of cooling 

rates using differential scanning calorimetry (DSC). The second section looks at 

the morphological changes during crystallisation of binary blends of various 

proportions at various cooling rates using hot stage microscopy. Finally, a 

comparison is made between the two techniques in terms of thermal responses 

at the same composition and process conditions. 

4.3 Materials and methodology 

4.3.1 Materials 

Semi-crystalline PEO of various grades was used in this chapter to investigate 

the role of molecular weight and process temperature on crystallisation behaviour 

of PEO binary blends. PEOs were mixed in a powder state two grades at a time; 

PEO20K-PEO200K, PEO20K-PEO2M and PEO200K-PEO2M in various 

proportions; 90:10, 95:5, 98:2, 99:1 and 100:0 (pure). The lower molecular weight 

of PEO in each blend always represents the highest proportion in these blends. 

For example, PEO20K-PEO200K blends have 90, 95, 98, 99 and 100% of 

PEO20K. The particle size range chosen for this research was between 75-125 
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μm. PEO20K was grinded and a similar particle size range was used to mix it with 

other grades (section 2.3.1). 

4.3.2 Thermal analysis of binary blends PEO using DSC 

After initial testing of pure PEO with TGA, binary blends of PEO were investigated 

in DSC ensuring thermal stability of the polymer in the DSC profile temperature 

range (section 3.4.1.1). The polymer was cooled to -90 ᵒC then tested in heat-

cool-heat regime as follows: 

➢ First heating stage from -90 ᵒC to 150 ᵒC at heating rate 10 ᵒC/min 

(throughout the entire chapter) 

➢ Isothermal stage for 5 min at 150 ᵒC to ensure the full melting of PEO 

before further cooling  

➢  Cooling stage from 150 ᵒC to -90 ᵒC at various cooling rates (10, 5, 2, 

1ᵒC/min). A comparison between four cooling rates is presented in this 

chapter.  

➢ Second heating stage from -90 ᵒC to 150 ᵒC at heating rate 10 ᵒC/min. 

The sample size used for DSC experiments was 5 ± 1 mg. The pan and lid used 

were T-zero aluminium. 

Temperature points measured from the DSC graphs were as follow: Tm1, Tm2, Tc1 

and Tc2 for melting point from the first heating step, melting point from the second 

heating step, onset of crystallisation and peak crystallisation temperature from 

the cooling step, respectively (figure 2.4). 
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4.3.3 Thermal and microscopic characterisation of binary blends of PEO 

using hot stage microscopy 

Crystallisation kinetics and thermal properties of binary blends PEO were 

investigated by a polarized microscope with a digital camera (Zeiss AxioCam 

MRc 5, Germany) fitted with a temperature-controlled stage (Linkam THMS600, 

UK). Particle size distribution range for powder blends PEOs was similar to 

ranges used in DSC experiments (75-125 μm). Molecular weight and proportions 

were also similar to those used in DSC. 

Pure PEO and PEO binary blends were mounted on a glass sample holder and 

inserted into the Linkam temperature-controlled stage. A coverlid was adapted to 

ensure the sample was contained inside the internal chamber which gives more 

control over heat exchange. The sample was heated above melting temperature 

according to the following protocols and left to relax for a few minutes then cooled 

down below crystallisation temperature at various cooling rates. Images of the 

crystallisation of PEO blends were taken in duplicate at 1 frame/second interval. 

Lenses used are mainly 5x (quality: 860 x 644) for film and 10x (quality: 2584 x 

1936) for individual images. 

The protocols used in this set of experiments ensured that PEO was fully melted 

and relaxed to erase any expected thermal and mechanical history. This was the 

reason why various protocols presented here as PEO samples have different 

responses according to their molecular weight and viscosity. 

The following protocols depend on the grades used as follows: 

Protocol 1: This protocol was used for pure PEO20K, PEO200K and 

PEO20K/PEO200K blends: 
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Heat to 140 °C at rate 10 °C/min, isothermal for 15 min then cool to 40 °C at 

various cooling rates (5, 2 and 1 °C/min). 

Protocol 2: This protocol was used for pure PEO2M and any blends containing 

PEO2M: 

Heat to 160 °C at rate 10 °C/min, isothermal for 30 min then cool to 40 °C at 

various cooling rates (5, 2 and 1 °C/min). 

4.4 Results and discussion 

In this section, thermal analysis of binary blends of PEO 20K, 200K and 2M was 

carried out at three cooling rates: 5, 2 and 1 ˚C/min. Next, a morphological study 

of the crystallisation kinetics was presented using a hot stage microscope, with 

the same conditions used in DSC in terms of samples and cooling rates. A 

comparison was made between the two techniques, and the roles of molecular 

weight and process temperature were assessed.  

4.4.1 DSC: various cooling rate and Mw blends  

Thermal analysis of the binary blends PEO 20K, 200K and 2M at heating rate 10 

ᵒC/min and various cooling rates was carried out in this section and the full 

measurement of melting point (Tm, peak), enthalpy, onset of crystallisation (Tc1) 

and peak crystallisation temperature (Tc2) for the various blends were tabulated 

in Appendix C. 

Although many conclusions can be drawn from the thermal analysis data, the 

main focus of this study is to investigate the crystallisation behaviour and the 

parameters affecting this process. Therefore, the main thermal values that will be 

investigated and compared here are onset of crystallisation and enthalpy of 
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crystallisation process that took place under DSC settings (quiescent conditions). 

Onset of crystallisation transition (Tc1) was measured at 5% deviation from the 

linear fitted line. 

4.4.1.1 Enthalpy of crystallisation for binary blends PEO at various PEOL% and 

cooling rates 

The enthalpies of crystallisation for binary blends PEO at various PEOL% and 

cooling rates are presented in tables 4.1 – 4.4 and figures 4.1 – 4.4. The cooling 

rates compared in this section are 10, 5, 2 and 1 ˚C/min. The graphs show that 

the enthalpy of crystallisation was inversely proportional to the molecular weight 

of pure PEO. As the molecular weight increases, the time span for the 

crystallisation event becomes insufficient for longer chains to re-order themselves 

in three dimensions due to entanglement and lower degree of freedom. This is 

the expected relationship between molecular weight and enthalpy of 

crystallisation which represents the crystallinity degree. Araneda et al found 

similar results when PEO of two molecular weights were compared. The 

crystallinity degree of the lower molecular weight was found to be higher than the 

value of the higher molecular weight (Araneda et al. 2012). There is also a 

general trend of an increasing crystallinity degree as the cooling rate decreases 

allowing more time for PEO chains to crystallise during cooling. 

For PEO binary blends, the enthalpy of crystallisation was in a direct proportion 

to PEOL % for PEO20K/200K and PEO20K/2M blends while the trend was not 

clear for PEO200K/2M and it had the tendency to be in an inverse proportion at 

the cooling rates inspected. This might be due to the large difference in enthalpy 

between pure PEO20K against PEO200K and PEO2M compared to the enthalpy 

difference between pure PEO200K and PEO2M. So, the enthalpy of 
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crystallisation is sensitive to change in PEOL % in PEO20K base blends more 

than PEO200K/2M blends. Further PEOL % points need to be investigated below 

90% to assess the full behaviour of enthalpy as PEOL % decreases. A study by 

Cimmino et al found that by plotting the enthalpy of fusion against the PEO200K 

% in binary PEO20K/200K blends, the enthalpy remains constant up to 40% of 

PEO200K % and then starts decreasing by increasing the PEO200K % due to 

reduction of chain mobility of bulk material with increasing PEO200K content 

(Cimmino et al. 1978). Accordingly, changing the PEOL % in this study is not 

expected to have a direct effect on the enthalpy at the tested PEOL % and the 

change in enthalpy might be observed at PEOL% lower than 90%. 

In regard to cooling rates, the figures show that the difference of enthalpy 

between melting and crystallisation transitions varied amongst the tested cooling 

rates. This difference represents the ability of the sample to retain its original 

(raw) semicrystalline structure following to heating-cooling regime in DSC. The 

difference in enthalpy was large for PEO200K-2M and the sample lost around 25 

% of its crystallinity due to the melting and cooling process. This set of blends did 

not show significant sensitivity to cooling rate; no clear trend was observed as 

cooling rate decreased. This indicates that the relaxation time for PEO200K-2M 

is longer than the tested cooling rates which means no sufficient time for the 

entangled chains to relax to the same extent as the original, even at a low cooling 

rate of 1 ˚C/min. On the other hand, PEO20K-2M blends showed a small 

tendency towards an increase in enthalpy as the cooling rate decreased. The 

most significant change in enthalpy across the tested cooling rates was found in 

PEO20K-200K blends where the sample almost retained its original crystallinity 
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at cooling rate 1 ˚C/min while the enthalpy for the same blend at cooling rate 10 

˚C/min lost around 7 % of its value. 

Table 4-1 Enthalpy of crystallisation for binary blends of PEO at cooling rate 10 ˚C/min  

PEOL (%) 

Enthalpy of crystallisation (J/g) 

PEO20K/200K PEO20K/2M PEO200K/2M 

99 166.2 169.0 131.0 

98 166.2 168.2 132.2 

95 167.2 168.8 133.0 

90 151.2 166.7 134.7 

 

 

 

Figure 4-1 Enthalpy of crystallisation for pure and binary blends of PEO at various 
PEOL% using DSC at cooling rate 10 ˚C/min  
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Table 4-2 Enthalpy of crystallisation for binary blends of PEO at cooling rate 5 ˚C/min 

PEOL (%) 

Enthalpy of crystallisation (J/g) 

PEO20K/200K PEO20K/2M PEO200K/2M 

99 163.4 155.8 100.4 

98 167.5 154.7 131.4 

95 161.6 120.7 109.9 

90 147.7 148.8 117.4 

 

 

 

 

Figure 4-2 Enthalpy of crystallisation for pure and binary blends of PEO at various 
PEOL% using DSC at cooling rate 5 ˚C/min 
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Table 4-3 Enthalpy of crystallisation for binary blends of PEO at cooling rate 2 ˚C/min 

PEOL (%) 

Enthalpy of crystallisation (J/g) 

PEO20K/200K PEO20K/2M PEO200K/2M 

99 169.8 ± 0.0 168.7 ± 6.2 119.2 ± 15.1 

98 172.1 ± 5.9 166.9 ± 4.0 131.2 ± 7.8 

95 173.5 ± 2.0 172.0 ± 5.0 126.8 ± 1.4 

90 165.9 ± 7.4 165.6 ± 5.6 127.6 ± 2.1 

 

 

Figure 4-3 Enthalpy of crystallisation for pure and binary blends of PEO at various 
PEOL% using DSC at cooling rate 2 ˚C/min  
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Table 4-4 Enthalpy of crystallisation for binary blends of PEO at cooling rate 1 ˚C/min 

PEOL (%) 

Enthalpy of recrystallisation (J/g) 

PEO20K/200K PEO20K/2M PEO200K/2M 

99 177 168.5 125.9 

98 177.5 159.2 132.5 

95 172.4 167.9 136.2 

90 170.3 166.6 133.1 

 

 

 

Figure 4-4 Enthalpy of crystallisation for pure and binary blends of PEO at various 
PEOL% using DSC at cooling rate 1 ˚C/min 
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4.4.1.2 Onset of crystallisation for binary blends PEO at various PEOL% and 

cooling rates using DSC 

The onset of crystallisation for binary blends of PEO at various PEOL% and 

cooling rates are presented in tables 4.5 – 4.8 and figures 4.5 – 4.8. The cooling 

rates compared in this section are 10, 5, 2 and 1 ˚C/min. The graphs show that 

the onset of crystallisation temperature (Tc1) for pure individual PEO samples at 

10 and 5 ˚C/min were similar for PEO20K and PEO200K while much higher for 

PEO2M. As the cooling rate decreased, the difference between PEO20K and 

PEO200K became clearer, with the highest value being recoded for PEO20K. 

The onset temperature order was as follows: PEO2M ˃ PEO20K ˃PEO200K. It 

was expected to find a direct proportion between the molecular weight and the 

onset of crystallisation as found in the study carried out by Pielichowski and 

Flejtuch on a range of PEG molecular weights (Pielichowski and Flejtuch 2003). 

However, the same study excluded the PEO20K from the trends found in the 

relationships between the molecular weight of PEG and the crystallinity degree 

which suggests a special behaviour of the specific grade. It is also worth noting 

that all the molecular weights studied here are larger than the recorded 

entanglement molecular weight of PEO; 1620 - 5000 g/mol (Wool 1993; 

Zardalidis et al. 2016).   

For PEO binary blends, the onset of crystallisation (Tc1) showed no significant 

sensitivity to changing PEOL% in PEO20K-200K blends at all tested cooling rates 

(the difference is not more than 0.5 ̊ C). This is because the onset values for pure 

PEO20K and PEO200K are fairly close to each other especially at high cooling 

rates. The effect of PEOL% on Tc1 became slightly pronounced for PEO20K-2M 

blends, where Tc1 exhibited slight inverse proportionality to PEOL%. However, the 
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inverse proportionality became more significant for PEO200K-2M blends, where 

the onset decreased up to 1.3 ˚C as the PEOL% increased from 90% to 99% at 

cooling rate 1 ˚C/min. 

Another important notice which clarifies the importance of using binary blends of 

PEO is that the range of onset crystallisation temperature for the blend did not 

necessarily lie between the values of the homopolymers. This was strongly clear 

at 5 ˚C/min for PEO200K-2M, and is supplemented by the results of Pielichowski 

and Flejtuch. They found that the onset of crystallisation for the binary blends of 

PEO was always lower than the values of the homopolymers at 5 ˚C/min 

(Pielichowski and Flejtuch 2003). 

In regard to cooling rates, the figures show that the onset of crystallisation (Tc1) 

varied amongst the tested cooling rates for the same binary blends. In all binary 

blends, the onset of crystallisation was inversely proportional to the cooling rate 

for the set of cooling rates tested. As the cooling rate decreases, the detection of 

the crystallisation event will happen at earlier stages. It is also interesting to note 

that the scattering of the onset temperatures at the same PEOL% for the three 

blends was narrow for high cooling rates (within 0.5 ˚C) and became wider at 

lower cooling rates. This shows that the lower cooling rate is more powerful in 

distinguishing the onset temperatures for the different blends. This finding will 

result in using the lower cooling rates for further thermal analysis as found in the 

previous chapter. 

Similar findings were reached when peak crystallisation temperatures for the pure 

and binary blends of PEO were compared at various cooling rates. Graphs are 

presented in Appendix D. 
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Table 4-5 Onset of crystallisation (Tc1) for binary blends of PEO at cooling rate 10 ˚C/min 
and various PEOL (%) 

PEOL (%) 

Onset of crystallisation Tc1 (°C) 

PEO20K/200K PEO20K/2M PEO200K/2M 

99 49.8 49.5  49.3  

98 49.8  49.9  49.5  

95 50  50.2  49.8  

90 48.4 50.6  50.3  

  

 

 

 

Figure 4-5 Onset of crystallisation for pure and binary blends of PEO at cooling rate 10 
˚C/min and various PEOL% using DSC 
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Table 4-6 Onset of crystallisation (Tc1) for binary blends of PEO at cooling rate 5 ˚C/min 
and various PEOL (%) 

 

 

 

Figure 4-6 Onset of crystallisation for pure and binary blends of PEO at cooling rate 5 
˚C/min and various PEOL% using DSC 
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PEOL (%) 

Onset of crystallisation Tc1 (°C) 

PEO20K/200K PEO20K/2M PEO200K/2M 

99 49.9 50.9 49.1 

98 49.9 50 49.6 

95 49.9 50.9 50.1 

90 50.3 49.8 49.2 
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Table 4-7 Onset of crystallisation (Tc1) for binary blends of PEO at cooling rate 2 ˚C/min 
and various PEOL (%) 

PEOL (%) 

Onset of crystallisation Tc1 (°C) 

PEO20K/200K PEO20K/2M PEO200K/2M 

99 51.5 ± 0.2 52.0 ± 0.5 50.6 ± 0.6 

98 51.6 ± 0.1 51.8 ± 0.2 51.1 ± 0.2 

95 52.0 ± 0.0 52.6 ± 0.2 51.5 ± 0.1 

90 51.7 ± 0.3 52.0 ± 0.2 51.5 ± 0.6 

 

 

 

Figure 4-7 Onset of crystallisation for pure and binary blends of PEO at cooling rate 2 
˚C/min and various PEOL% using DSC 
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Table 4-8 Onset of crystallisation (Tc1) for binary blends of PEO at cooling rate 1 ˚C/min 
and various PEOL (%) 

PEOL (%) 

Onset of crystallisation Tc1 (°C) 

PEO20K/200K PEO20K/2M PEO200K/2M 

99 52.8 51.6 51.6 

98 52.3 52.7 52.3 

95 52.8 53.1 52.3 

90 52.7 52.8 52.9 

 

 

Figure 4-8 Onset of crystallisation for pure and binary blends of PEO at cooling rate 1 
˚C/min and various PEOL% using DSC 
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4.4.2 Hot stage microscope: various cooling rates and Mw blends 

The onset temperature for crystallisation detection (Td) for pure and binary blends 

PEO of various grades (20K, 200K and 2M) were measured under a hot stage 

microscope at three cooling rates; 5, 2 and 1 ̊ C/min. Td was measured at the first 

appearance of spherulites over the area of observation (crystals may have 

formed earlier in different locations). Due to the nature of the technique, 

nucleation could not be detected using the polarized optical microscope. So, the 

onset detected here reflects the first appearance of the already formed 

spherulites under the test conditions (in growth stage). 

4.4.2.1 Onset of detection for pure and binary blends PEO at various PEOL% 

and cooling rates 

Graph 4.9 and table 4.9 show a decrease in onset of crystallisation detection 

temperature (Td) as cooling rate increases from 1°C/min to 2°C/min for the three 

molecular weights. The decrease continues steadily for 20K while it goes up 

sharply for the other two molecular weights when using 5°C/min cooling rate. The 

common relationship between the cooling rate and the onset of crystallisation is 

the inverse proportionality; as the cooling rate increases the onset temperature 

decreases (Strawhecker and Manias 2003; Pielichowski and Flejtuch 2003).  

The results here are more likely reflecting the crystal growth of the spherulites 

until it becomes detectable under PLM rather than the onset of the whole 

crystallisation event. Also, the abundance of the spherulites in lower molecular 

weight PEO makes it more practical and accurate to detect crystallisation in the 

observation area. For high molecular weight, the onset of detection might be 

misleading as the spherulite could be progressing outside the observation area 

(only few spherulites were detected under PLM per observation area). 
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Table 4-9 Onset of crystallisation detection (Td) for pure PEO at various cooling rates; 5, 
2 and 1˚C/min using hot stage microscope (HSM) 

 PEO 
5 °C/min  

(Cooling rate) 
2 °C/min  

(Cooling rate) 
1 °C/min  

(Cooling rate) 
 

1 20K 47.9 ± 1.5 51.3 ± 0.1 54.5 ± 0.5 Td (°C) 

2 200K 56.6 ± 0.7 51.0 ± 3.0 51.1 ± 1.5 Td (°C) 

3 2M 57.9 ± 0.6 ˃ 43.3 ± 1.3 45.7 ± 0.5 Td (°C) 

 

 

Figure 4-9 Onset of crystallisation detection (Td)  for pure PEO at various cooling rates; 5, 
2 and 1 ˚C/min using hot stage microscope (HSM) 
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The onset of crystallisation detection (Td) in Hot Stage Microscope experiments 

and other measured values are accurate to the best of available specs. The 

values measured by hot stage PLM were used to augment the thermal analysis 

done by DSC but cannot challenge or replace it. The HSM used had no nitrogen 

cooling system so the temperature control is less efficient than DSC. Moreover, 

the sample chamber is occupied by air rather than nitrogen which might interfere 

with the test results. As a result, the output of this section will only be used as a 

supporting evidence to the thermal results obtained by DSC and also to highlight 

the difference between various techniques used under same cooling rates and 

for the same material composition. 

The onsets of crystallisation detection (Td) for various pure and binary blends of 

PEO at various cooling rates are tabulated in table 4.10. Figures 4.10 – 4.12 plot 

the temperature against the PEOL% for one cooling rate at a time. Figures show 

that Td had two distinctive behaviours according to the cooling rate applied. For 

5 ˚C/min, the PEOL% was inversely proportional to Td for all PEO binary blends. 

However, the other two cooling rates (2 and 1 ˚C/min) mainly showed a direct 

proportionality between the PEOL% and the onset of detection temperature. This 

finding complies with the results of the pure PEO; at high cooling rate, the highest 

molecular weight sample (PEO2M) is detected earlier than other PEOs while the 

opposite is found at lower cooling rates. It is reasonably accepted that the lower 

molecular weight has more degree of freedom and can diffuse in the 

crystallisation medium easily due to their lower viscosity. The behaviour at high 

cooling rates can be attributed to the presence of crystalline segments of the high 

molecular weight sample which doesn’t fully melt in the time span of the 

experiment and can be used as a platform for a crystallisation event especially if 
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the material is cooled down at high cooling rate. However, the lower cooling rates 

give the sample enough time to relax and fully melt at a high temperature. 

The figures also show the role of cooling rate; as the cooling rate increased the 

crystallisation detection took place at lower temperatures. This was true for 

cooling rates 1 ˚C/min, and to some extent for 2 ˚C/min. However, the opposite 

behaviour was found at cooling rate 5 ˚C/min.  

Overall, the high cooling rate (5 ̊ C/min) did not produce reliable results and needs 

to be further investigated. The other two cooling rates showed similarity in Td 

values, and the 2 ˚C/min cooling rate will be considered in the following section 

as it is more time efficient, while producing the same quality of results.   
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Table 4-10 Onset of crystallisation detection (Td, ˚C) for PEO binary blends at various 
cooling rates; 5, 2 and 1˚C/min using hot stage microscope (HSM) 

 

 PEO 

Cooling rate (°C/min) 

5  2  1  

1 20K 47.9 ± 1.5 51.3 ± 0.1 54.5 ± 0.5 

2 200K 56.6 ± 0.7 51.0 ± 3.0 51.1 ± 1.5 

3 2M 57.9 ± 0.6 43.3 ± 1.3 45.7 ± 0.5 

4 20K/200K 99% 51.5 56.1 ± 3.8 56 

5 20K/200K 98% 52.9 56.3 ± 3.3 58.3 

6 20K/200K 95% 54.6 53.9 ± 2.1 53.1 

7 20K/200K 90% 49.6 54.5 ± 2.9 54.4 

8 20K/2M 99% 49.6 54.7 ± 1.0 58.8 

9 20K/2M 98% 53.2 49.4 ± 3.8 ˃56 

10 20K/2M 95% 55.8 51.0 ± 3.2 51.5 

11 20K/2M 90% 51.4 48.6 ± 2.6 46.7 

12 200K/2M 99% 46.5 46.6 ± 2.7 52.9 

13 200K/2M 98% 51.5 43.7 ± 3.4 49.8 

14 200K/2M 95% 53.2 50.1 ± 0.9 51 

15 200K/2M 90% 52.6 47.2 ± 1.2 50.4 
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Figure 4-10 Onset of crystallisation detection for PEO binary blends at 5 ˚C/min cooling 
rate and various PEOL% using hot stage microscope (HSM) 

 

 

Figure 4-11 Onset of crystallisation detection for PEO binary blends at 2 ˚C/min cooling 
rate and various PEOL% using hot stage microscope (HSM) 
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Figure 4-12 Onset of crystallisation detection for PEO binary blends at 1 ˚C/min cooling 
rate and various PEOL% using hot stage microscope (HSM) 

 

4.4.3 Comparison between DSC and HSM results 

As discussed before, the crystallisation event was monitored using DSC and hot 

stage PLM techniques. Crystallisation temperature (Tc) in DSC was recorded in 

two ways: either at the beginning of the crystallisation event with 5% range of 

tolerance (Tc1) or by taking the peak value as the representative temperature of 

the crystallisation event (Tc2). On the other hand, monitoring the crystallisation 

event using HSM only consider the beginning of the crystallisation detection by 

the PLM (Td). The measurements were taken from duplicate experiments for each 

test and presented as an average value +/- standard deviation. 

Table 4.11 shows that Td measured by HSM was always higher than Tc2 and 

almost similar to Tc1. Graph 4.13 compares Tc1 from DSC with Td from HSM. It is 
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important to note that the onset of crystallisation detected by HSM was not as 

precise as the DSC method. This is because HSM is limited by the observation 

screen which only detects the prospective crystallisation taking place in that area. 

Crystallisation could take place outside this area, and this was proven by many 

samples where crystals from outside the observation area grew until they reached 

the observation screen even before any new crystals appeared in the screen. 

The graph shows a general trend for all of DSC data; slight steady decrease of 

the crystallisation temperature with increasing cooling rate for all the molecular 

weights. This is similar to Td measured by HSM except at 5 ˚C/min cooling rate. 

It can also be noted that Td measured by HSM at a fixed cooling rate generally 

had a tendency to decrease as the molecular weight increased, while in DSC 

experiments it decreased as we went from 2M to 20K, with the lowest value being 

detected at 200K at each cooling rate.  
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Table 4-11 DSC analysis (melting temperature, onset of crystallisation and peak melting 
temperature) and HSM analysis (onset of crystallisation detection) for pure PEO at 
various cooling rates  

 

DSC HSM 

Tm peak 
(°C) 

Tc1 onset  
(°C) 

Tc2 peak 
(°C) 

Td  
(°C) 

CR5 
PEO20K 

64.8 ± 0.2 50.5 ± 0.0 45.3 ± 0.0 47.9 ± 1.5 

CR5 
PEO200K 

67.0 ± 0.0 50.3 ± 0.4 45.6 ± 0.4 56.6 ± 0.7 

CR5 
PEO2M 

69.9 ± 0.2 52.7 ± 0.1 50 ± 0.04 57.9 ± 0.6 

CR2 
PEO20K 

64.3 ± 0.1 52.1 ± 0.2 47.3 ± 0.3 51.3 ± 0.1 

CR2 
PEO200K 

66.9 ± 0.2 50.7 ± 0.3 46.2 ± 0.1 51.0 ± 3.0 

CR2 
PEO2M 

69.8 ± 0.1 53.9 ± 0.1 51.5 ± 0.1 43.3 ± 1.3 

CR1 
PEO20K 

64.1 ± 0.1 53.1 ± 0.3 49.6 ± 0.02 54.5 ± 0.5 

CR1 
PEO200K 

66.4 ± 0.1 52 ± 0.1 47.7 ± 0.1 51.1 ± 4.5 

CR1 
PEO2M 

69.7 ± 0.4 54.6 ± 0.03 52.4 ± 0.03 45.7 ± 0.5 
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Figure 4-13 Comparison between onset temperature (Tc, filled symbols) measured by DSC 
and onset of crystallisation detection (Td, unfilled symbols) measured by HSM for pure 
PEO at various cooling rates 

 

Figure 4.14 compare the two techniques: DSC and HSM for pure and binary 

blends PEO in terms of onset of crystallisation Tc1 and onset of crystallisation 

detection Td. The difference between the two techniques was greatest for the 

highest molecular weight. This applies to pure PEOs (2M represented as a 

triangle) and for the highest molecular weight blends (200K/2M represented as a 

+). It is also clear that the scattering of the points in HSM data is very wide 

compared to DSC. This confirms the accuracy of the DSC results when compared 

to HSM due to many reasons mentioned earlier in this chapter. 
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Figure 4-14 Comparison between onset temperature (Tc, black) measured by DSC and 
onset of crystallisation detection (Td, red) measured by HSM for pure PEO and binary 
blends at 2 ˚C/min 
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4.4.4 Crystal structures of PEO under hot stage microscope (HSM) 

The crystal structures of pure PEO20K, PEO200K, PEO2M and their blends were 

investigated at various cooling rates; 1  ̊ C/min, 2  ̊ C/min and 5  ̊ C/min. Images 

were taken at 0.1 ̊C interval and the crystal growth were recorded for future 

analysis. Due to the huge amount of data and limited resources, the analysis 

requires designing of an automated program to measure the crystal growth of 

each crystal and calculate the average growth for each sample. Also, the program 

should be able to measure the size of crystals and provide an average crystal 

size which would be of interest to compare with other sample of various structures 

and crystallisation conditions. Figure 4.15 presents an example of the crystal 

structures detected by HSM under various cooling rates.
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Figure 4-15 Crystal structures of pure PEO20K, PEO200K and PEO2M at cooling rates 1 ̊C/min, 2 ̊C/min and 5 ̊C/min using HSM.
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4.5 Conclusion 

The main objective for this chapter is to investigate the role of PEO molecular 

weight and processing temperature in the crystallisation behaviour of PEO binary 

blends under quiescent conditions. A possible advantage of using binary blend 

systems is the possibility of reaching a temperature range outside the range of 

the homopolymers and improving the thermodynamic and physical properties of 

the end products (Cimmino et al. 1978; Pielichowski and Flejtuch 2003).  

Onset of crystallisation (Tc1, measured at manual 5% deviation point) and 

enthalpy were measured using DSC at four cooling rates; 10, 5, 2 and 1 ˚C/min. 

Lower molecular weight contents (PEOL %) used in this chapter were 90, 95, 98, 

99 and 100%.  

The enthalpy of crystallisation was inversely proportional to the molecular weight 

of pure PEO due to entanglement and lower degree of freedom for high molecular 

weight PEO. Decreasing the cooling rate was also found to increase the 

crystallinity degree for pure PEO. For binary blends, the enthalpy of crystallisation 

was in direct proportion to PEOL % for PEO20K/200K and PEO20K/2M blends 

while the trend was not clear for PEO200K/2M. Overall the effect of PEOL% was 

not huge and was expected to be more pronounced at PEOL% lower than 90%. 

The difference of enthalpy between melting and crystallisation transitions was 

maximum for PEO200K-2M compared to other blends, and the sample lost 

around 25 % of its crystallinity upon melting and recrystallisation at quiescent 

conditions. The relaxation time for PEO200K-2M was longer than the tested 

cooling rates. PEO20K-200K was observed to retain most of the crystallinity upon 

cooling at rate 1 ˚C/min. 
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Tc1 for pure individual PEO samples at 10 and 5 ˚C/min was similar for PEO20K 

and PEO200K, while it was much higher for PEO2M. As the cooling rate 

decreased, the difference between PEO20K and PEO200K became clearer. The 

onset temperature order was: PEO2M ˃ PEO20K ˃PEO200K. PEO20K was 

proven to behave in a different manner, not following the expected relationship 

between the onset temperature and the molecular weight. For binary blends, the 

onset of crystallisation (Tc1) showed no significant sensitivity to changing PEOL% 

in PEO20K-200K blends at all tested cooling rates as the homopolymer’s values 

were close to each other. The effect of PEOL% on Tc1 became slightly pronounced 

for PEO20K-2M blends where Tc1 exhibited slight inverse proportionality to 

PEOL%. However inverse proportionality became more significant for PEO200K-

2M blends. It was very interesting to find that Tc1 for the blends did not necessarily 

lie between the values of the homopolymers. In all binary blends, the onset of 

crystallisation was inversely proportional to cooling rate for the set of cooling rates 

tested. 

The results of the hot stage PLM were most likely reflecting the crystal growth of 

the spherulites until it became detectable under PLM rather than the onset of the 

whole crystallisation event. At a high cooling rate, the highest molecular weight 

sample (PEO2M) was detected earlier than other PEOs while the opposite was 

found at lower cooling rates. As the cooling rate increases the crystallisation 

detection takes place at lower temperatures. This was true for cooling rates 1 

˚C/min and to some extent for 2 ˚C/min. However, the opposite behaviour was 

found at cooling rate 5 ˚C/min. 

For binary blends under HSM, the onset of detection temperature (Td) had two 

distinctive behaviours according to the cooling rate applied. For 5 ˚C/min, the 
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PEOL% was inversely proportional to Td for all PEO binary blends. However, the 

other two cooling rates (2 and 1 ˚C/min) mainly showed direct proportionality 

between the PEOL% and Td. This finding complies with the results of the pure 

PEO; at high cooling rate, the highest molecular weight sample (PEO2M) is 

detected earlier than other PEOs while the opposite is found at lower cooling 

rates. 

The difference between the two techniques was greatest for the highest 

molecular weight. This applies to pure PEO2M, and to the highest molecular 

weight blends 200K/2M. It is also clear that the scattering of the points in HSM 

data was very wide compared to DSC. 
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Chapter 5 

 

5 The Effect of Shear, Molecular Weight and Cooling 
Rate on Crystallisation of Pharmaceutical Polymeric 
Systems Processed Via Injection Moulding (IM) 
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5.1 Introduction 

Hot melt processing (HMP) is a powerful technique introduced to the 

pharmaceutical industry as an alternative technique to conventional 

manufacturing processing of drug delivery systems. It offers tailored drug release 

properties to suit specific delivery needs by adjusting the matrix and process 

parameters. It is aimed at improving bioavailability of poorly soluble drugs by 

mixing the drug with the polymer/matrix at molecular level. It is also regarded as 

a green process due to fewer processing steps and ability to process the dosage 

form without the need of solvents (Mididoddi and Repka 2007) .  

As discussed in section 1.3.3, although hot melt processing, such as HME and 

IM, is considered a promising technique in manufacturing advanced drug delivery 

systems, it still has a lot of ambiguity. The interplay between the chosen 

excipients and process parameters and the consequences on drug release from 

the dosage form is still not fully understood. Moreover, contradictory results have 

been presented in the literature for same parameters such as drug loading and 

process temperature (Pajander et al. 2017).  

The main goal of hot melt processing is to design the physical state of the dosage 

form to improve the stability, safety and bioavailability of API in drug delivery 

systems. Ultimately, the process is optimised to build the quality attributes within 

the dosage form by a quality by design approach. To achieve this goal, the 

process should be investigated in a systematic way and the experiments should 

be planned according to the design of experiment (DoE) methodology to produce 

precise and statistically significant results in the limited timescale of the research. 

Due to the complexity of the process, it is more efficient to understand the 

behaviour of the polymers first, as main carriers, in HMP and their relationships 
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with the significant process parameters (as in current work). Once the 

relationships are established, the candidate drug can be introduced, and drug 

release can be optimised to satisfy the needs of the intended drug delivery regime 

(future work). 

5.2 Chapter outline 

The main objective of this chapter is to investigate the role of one material 

attribute (molecular weight) and two process parameters (injection speed and 

mould temperature). The detailed DoE method is provided in section 5.3.3 which 

includes the experimental design space and brief definitions of the basic terms in 

RSM study. Three sets of binary blends were processed via IM under pre-set 

conditions according to DoE as explained in section 2.4. The caplets were first 

visually examined, and the thermal behaviour was investigated in terms of the 

peak melting temperature and the change in the relative crystallinity degree 

compared to blends tested under quiescent conditions via DSC. The main 

significant factors for each response (Tm and ∆Hf) were exploited to establish the 

regression equation for new observation predictions. Finally, the results of RSM 

study were used to highlight the relationships between various factors and 

optimise the response to achieve the desired properties of the polymeric system.  

5.3 Materials and methodology 

5.3.1 Materials 

Full specifications of the three grades PEO used in this chapter were explained 

in section 2.2. 

Three binary sets of polyethylene oxide (PEO) were used in this study: PEO20K-

PEO200K, PEO20K-PEO2M and PEO200K-PEO2M. Each set has various 
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proportions of the two grades; 90:10, 92:8, 95:5, 98:2 and 100:0 (pure) with the 

highest proportion always belonging to the lower molecular weight (PEOL). For 

example, PEOL for 90:10 PEO200K-PEO2M blends is the PEO with molecular 

weight of 200K and constitutes 90% of the sample.  

The powder mixture of the previous blends was extruded (section 2.3.2) and then 

processed via IM under specific processing parameters set by DoE to produce 

caplets (section 2.3.3).  

5.3.2 Thermal analysis of IM caplets using DSC 

Thermal properties of injection moulded caplets of binary blends PEOs were 

investigated using DSC. Each caplet was cross-sectioned at the centre and 5 ± 

1 mg was mounted on a T-zero aluminium pan and covered with a lid. The sample 

was cooled to -90 ᵒC then tested in heat-cool-heat regime as follows: 

➢ First heating step from -90 ᵒC to 150 ᵒC at heating rate 10 ᵒC/min 

➢ Isothermal step for 5 min at 150 ᵒC to assure the full melting of PEO  

➢ Cooling step from 150 ᵒC to -90 ᵒC at 2 ᵒC/min. 

➢ Second heating step from -90 ᵒC to 150 ᵒC at heating rate 10 ᵒC/min. 

5.3.3 Response surface methodology 

Experimental design was used in this chapter to set up the experimental points 

to achieve as much precise and efficient data as possible with the lowest number 

of experiments. Central composite design (CCD) was chosen for this task and 

the experimental points are listed in table 5-1.  
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Table 5-1 Response surface methodology for three factors; PEOL%, Injection speed and 

mould temp at factorial, axial and central points  

N X1 X2 X3 Design 
PEOL  

% 
Injection speed 

(mm/s) 
Mould temp (°C) 

1 -1 -1 -1 Factorial 92% 70 Low 

2 +1 -1 -1 Factorial 98% 70 Low 

3 -1 +1 -1 Factorial 92% 230 Low 

4 +1 +1 -1 Factorial 98% 230 Low 

5 -1 -1 +1 Factorial 92% 70 Tm, end 

6 +1 -1 +1 Factorial 98% 70 Tm, end 

7 -1 +1 +1 Factorial 92% 230 Tm, end 

8 +1 +1 +1 Factorial 98% 230 Tm, end 

9 -α 0 0 Axial “star” 90% 150 Tc1 

10 +α 0 0 Axial “star” 100% 150 Tc1 

11 0 -α 0 Axial “star” 95% 15 Tc1 

12 0 +α 0 Axial “star” 95% 285 Tc1 

13 0 0 -α Axial “star” 95% 150 -α 

14 0 0 +α Axial “star” 95% 150 +α 

15 0 0 0 Centre points 95% 150 Tc1 

16 0 0 0 Centre points 95% 150 Tc1 

17 0 0 0 Centre points 95% 150 Tc1 
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In this chapter, three factors were considered: molecular weight of PEOs and 

their blends, injection speed and mould temperature. Crystallisation of PEO was 

investigated as the main response through studying the peak melting 

temperature and relative crystallinity change from the first heat DSC analysis. 

A quadratic model was adopted for predicting the response in the experimental 

domain according to the following equation: 

𝑦 = 𝛽0 + 𝛽1𝑥1 + 𝛽2𝑥2 + 𝛽3𝑥3 + 𝛽11𝑥1
2 + 𝛽22𝑥2 

2 +  𝛽33𝑥3
2 + 𝛽12𝑥1𝑥2 + 𝛽13𝑥1𝑥3 +

𝛽23𝑥2𝑥3 + 𝜀         Equation  (5.1) 

Where 𝛽0 is the constant term, 𝛽1, 𝛽2 and 𝛽3 represent the main effects of factors 

𝑥1, 𝑥2 and 𝑥3, respectively. 𝛽11, 𝛽22 and 𝛽33 are the square terms and 𝛽12, 𝛽13 and 

𝛽23 represent the interaction terms between the factors. The rationale behind 

using the mould temperatures was discussed in section 2.4.  

It is ideal to do replicate and repeat measurements in the experimental design 

especially for the prediction model, as this will increase the precision of the model 

and the level of confidence. Replicates are taken by running the same 

combination of factor levels under identical conditions but different order 

(randomised runs). Repeats, on the other hand, are taken from multiple runs of 

same factor levels under identical conditions in a consecutive way. Running the 

experiments in replicates can include variabilities arising from changing the 

settings between different runs beside environmental changes over time. 

Running replicate experiments is not always possible depending on resource 

constrains. In our study, the nature of the IM process and the inability to clean 

the extrusion barrel after each run exposes the design to the risk of contamination 

(section 2.3.3). Therefore, only repeats were considered in this study which were 
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done in duplicate for each single run and the average of the two runs were 

considered. 

In order to consider the significant factors (p-value ˂0.05) by ANOVA analysis, 

the model was reduced to omit the nonsignificant factors by following these steps: 

➢ All non-significant highest order interaction terms would be removed in one 

go and the model refitted 

➢ Non-significant quadratic terms would be removed one at a time starting 

with the least significant term (highest p-value) and the model refitted. 

➢ All non-significant main effects would be removed in one go and the model 

refitted. 

5.3.3.1 Basic statistical terminology used in RSM study 

In order to analyse the model in RSM study, basic terminologies should be 

introduced. The models presented in this chapter were analysed using Analysis 

of variance (ANOVA) statistical tool and a regression equation is fitted 

accordingly.  

For ANOVA test, the following statistical terms were used: 

A- Degrees of freedom (DF): reflects the amount of information in the dataset. 

It is used to estimate the values of unknown population parameters. DF is 

in direct proportion with sample size. 

B- Error: in replicated design, the error is separated into pure error and lack 

of fit. Lack of fit represents any term omitted from the model such as cubic 

terms and three-way interactions which are not usually very important in 

practice.  
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C-   Sum of squares (SS): is the sum of the squares of variation which is used 

to determine the dispersion of the data points; deviation from the mean. 

Adjusted SS is used to calculate p-values and R-squared statistics. 

Dividing SS by its degree of freedom yields the measure of the variation 

per degree of freedom; mean square (MS). 

D- F-value: is the ratio between Adj (MS) of each component to the Adj (MS) 

of error. The higher the F-value the more significant the factor. 

E- Significance level (α): is the probability of rejecting the null hypothesis (H0) 

when (H0) is true. Null hypothesis here is the term coefficient equal to zero 

which implies that there is no association between the term and the 

response. Significance level is used in statistics as a threshold to decide if 

the effect is significant or not. For example, if α=0.05, it means that the risk 

of stating that an association between the term and response exists when 

it does not exist is 5%. Choosing α mainly depends on the scope of the 

test. Higher value of α is chosen to detect any difference that is possibly 

important. However, a high significance level increases the risk of false 

declaration in regard to the null hypothesis. On the other hand, choosing 

a lower α threshold increases the certainty of detecting only the differences 

that actually exist and generally has lower risk of false declaration. For this 

study, α-level equal to 0.05 was selected.  

F- P-value: is calculated from the sample of data collected and estimates the 

probability of the null hypothesis being true based on this sample. This P-

value is compared with the pre-determined significance level (α) to 

determine if the null hypothesis should be rejected. The Null hypothesis is 
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rejected, and the factor is considered statistically significant if the P-value 

is less than the α-level. If P ≤ 0.05, the model explains some of the 

variations in the response. If P ˃  0.05, this means that there is no evidence 

the model explains the variations in the response. 

For fitting the regression model, the following statistical terms were used: 

A- R squared (R-sq): is the percentage of the variation in the response that 

is explained by the factor or model. It reflects how well the model fits the 

data. It ranges from 0 (no fitting) to 100 (perfect fitting). R-sq fits the 

measured data and does not necessarily guarantee good estimate for new 

observations. The more variables used in the model the higher the R-sq 

value, even if those variables do not have a significant effect on the 

response. Adjusted R-sq (R-sq adj) is a better estimator of the model 

performance as it considers the significance of the predictors. This 

measure should be used to compare the performance of different models 

on the same dataset. Predicted R-sq (R-sq pred) is another tool used to 

measure how well the model predicts the response for new observations. 

The higher the R-sq (pred) value, the better predictive ability. R-sq (pred) 

is always lower than R-sq (adj) but they both should be on the same mode 

of magnitude to avoid overfitting problems.  

B- Residuals: is the difference between the observed and the corresponding 

predicted value. It shows how well the model fits the data and checks if it 

meets the assumptions of the regression. The assumptions for the 

residuals that need to be met are:  
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a. Normally distributed with a mean of 0. 

b. Constant over the range of fitted values. 

c. Residuals should not have any systematic time dependence. 

C- Unusual observations: can generate misleading results and have 

disproportionate impact on the model. These observations can change 

whether a coefficient is statistically significant or not. They are divided into 

two types: 

a. Outliers or large residuals denoted as R: are the extreme points in 

the y direction relative to the fitted regression line. 

b. Leverage points denoted as X: are the extreme points in the x 

direction. 

Both X and R don’t follow the proposed regression equation model 

(Doncaster and Davey 2007; Lewis et al. 1999b). 

5.3.4 Morphological observation using scanning electron microscope 

(SEM) 

TM3000 advanced table-top scanning electron microscope (Hitachi, Japan) was 

used in this study. Images of cross-sectioned caplets were examined at two 

accelerating voltages: 5 kV (for surface layer) and 15 kV (for subsurface layer). 

The caplets produced by IM were analysed using SEM to study the morphology 

of PEO blends processed under various material and process parameters. 

Sample preparation were discussed in section 2.3.4.  
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5.4 Results and discussion 

5.4.1 Morphological analysis of the injection moulded caplets 

Processing PEO20K blends in IM was challenging compared to PEO200K base 

blends. The process suffered from leaking at the nozzle during the extrusion step, 

flashing, crack lines alongside the caplet, voids and cavities (figure 5.1). These 

defects were the result of low viscosity of PEO20K and inadequate process 

parameters chosen for this grade. The holding step, for example, is a critical 

parameter which is responsible for polymer shrinkage during the cooling step. 

The amount of holding pressure and the duration of holding should be optimised 

to avoid under filling of the mould or back flow and nozzle leaking (Hemmingsen 

and Olsen 2012). The extrusion and injection parameters were adjusted in this 

study for best quality caplet production (table 2.2). 

 

 

Visual observations of the injection moulded caplets prepared using binary 

blends of PEO are summarised in table 5.2. Notes were made about the visual 

appearance of the caplets such as flashing, voids and the extent of caplet filling. 

A 

B 

C D 

E 

Figure 5-1 Injection moulded caplets; ideal Vs impaired caplets. A) Voids B) Leaking 
from nozzle C) Caplet underfilling D) Ideal caplet E) crack line 
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Blends of PEO20K base shared a similar trend where caplets injected at low 

mould temperature (≤ -1 in the coded form) developed minor flashing, small voids 

and the filling of the caplets was over 90%. Caplets produced at mould 

temperature equal to 0 in the coded form (0= Tc1) or +1 (+1= Tm, end) suffered from 

flashing, voids within the caplets and poor caplet filling (50 - 75%). Binary blends 

caplets of PEO200K-2M were more flexible in processing and yielded ideal 

caplets at mould temperature lower than -1 in the coded form. At a higher 

temperature, the caplets developed minor flashing, small voids and the filling was 

over 90 %. A full visual observation notes for the three binary blends under 

various parameters are tabulated in Appendix E. 

Table 5-2 Visual observations of binary blends PEO caplets produced by IM. T (mould) 
values are in coded form (table 5.1). Observations were taken from three caplet samples. 

PEO 
blends 

T (mould) 

Visual observations 

Flashing Voids Filling 

20K-200K 

≤ -1 None - minor Small ≥ 90 % 

0 = Tc1 Minor – Major Large 50 % - 75% 

+1 = Tm, end None Small - large 50 % - 75% 

20K-2M 

≤ -1 Minor Small 75 % - 90% 

0 = Tc1 Major Large 50 % - 75% 

+1 = Tm, end Minor – Major Small - large 75 % - 90% 

200K-2M 

≤ -1 None None Full 

0 = Tc1 Minor Small ≥ 90 % 

+1 = Tm, end Minor Small ≥ 90 % 
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The injection moulded caplets of various material and process parameters were 

also investigated using SEM. The SEM images show no clear sign of shish-kebab 

structure. The impairment of some caplets due to incomplete filling was also 

affecting the quality and the reliability of the morphological observation. For this 

reason, SEM results were not shown as it does not lead to any correlation or 

conclusion. Adjusting the levels of some parameters might result in better filling 

of the caplets and more confidence in correlation. A sample of the injection 

moulded caplets morphological comparison between various parameters in 

PEO20K-200K blends is presented in Appendix F. 

5.4.2 Thermal characterisation using DSC and RSM 

To characterise injection moulded caplets, crystallinity is one of the most 

important characteristics which is in direct proportion to drug release and 

mechanical response (Hemmingsen and Olsen 2012; Leyva-Porras et al. 2013). 

Thermal characterisation using DSC is commonly used to investigate melting 

transition; an endothermic process which reveals the crystal properties of the 

caplets attained as the sample is subjected to certain thermal and mechanical 

history (Gabbott 2008). The two main features of the melting transition are the 

melting temperature and the heat of fusion. Responses for the following RSM 

study should be chosen carefully to avoid any major systematic errors when 

comparing results of different samples.  

5.4.2.1 Choosing the responses for RSM study 

To investigate the effect of molecular weight and process parameters in the IM 

process, two responses were chosen: namely melting point and the crystallinity 

degree of the injection moulded caplets. Measurements were taken from the first 
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heating step in DSC test which reflects the history developed by the caplets in 

the IM process under the tested conditions.  

Melting point is widely used in thermal characterisation of crystalline materials. 

Two distinguished values were identified: the onset of the melting transition and 

the peak maximum temperature. The onset point measured by the software was 

not reproducible and the manual method of 5% deviation from the mean fitted line 

was meaningless. The nature of the melting event in polymeric systems is too 

broad and gradual due to the range of molecular weights for the same grade 

which melts over a wide range of temperatures (Gabbott 2008).  

Figure 5.2 shows an example of a DSC heat-cool regime for one binary blend of 

PEO studied in this research. It is clear from the figure that the melting event (blue 

line) took place in a gradual manner compared to the crystallisation event (red 

line) which took place more sharply at a smaller temperature range. As a result, 

it was difficult and impractical to compare the onset points between various 

samples. Instead, peak maximum temperature was used in this study as a first 

response to compare melting behaviour of different caplets prepared under 

various conditions. It is commonly a good practice to run the studied samples 

under the same conditions (Gabbott 2008). 
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Figure 5-2 DSC thermogram for PEO200K-2M caplet at 95% PEOL, 150 mm/s injection 
speed and 15 °C mould temperature (Exothermic event is up) 

 

The other important characteristic in thermal analysis of polymers is the 

crystallinity degree, which is linked to the mechanical properties of the sample 

such as yield stress. The higher the crystalline content in semicrystalline polymer, 

the better the strength and stability (Kong and Hay 2002). Crystallinity degree is 

indirectly calculated from the heat of fusion by integrating the peak area of the 

melting transition. As discussed earlier, polymeric melting transition is broad and 

gradual in nature which makes the peak area determination very sensitive to the 

measurement method.  

In the literature, crystallinity degree (𝑋𝑐) is commonly calculated using the 

following equation (Kong and Hay 2002): 

Exo Up
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𝑋𝑐 =
∆𝐻𝑓

∆𝐻𝑓
0    Equation  (5.2) 

where ∆𝐻𝑓
0 is the heat of fusion for 100% crystalline polymer, ∆𝐻𝑓 is the enthalpy 

of melting event in the investigated sample. Although this method is widely used 

in the literature, it assumes that heat of fusion for a 100% crystalline polymer is 

an absolute value regardless of the molecular weight and process conditions 

(Kong and Hay 2002). To compare the heat of fusion for any sample with heat of 

fusion of the related reference (100% crystalline polymer), the two polymers 

should be analysed under the same conditions (same instrument, similar sample 

size, similar molecular weight, identical process parameters, etc.). Failing to do 

so results in different literature values of heat of fusion for 100% crystalline PEO. 

The addressed values range from 196 to 213 J/g (Qiu et al. 2003; Pielichowski 

and Flejtuch 2003; Zardalidis et al. 2016) and the crystallinity degree of PEO is 

found to be in the range of 70 - 80 % (Chrissopoulou et al. 2011). Thus far, the 

absolute crystallinity degree value based on this method was not very accurate 

and was not used in this study.  

As an alternative, the reference enthalpy for the relative crystallinity degree will 

be the enthalpy of the second heating step in a DSC test of a powder blend (heat-

cool-heat regime, cooling rate 2 °C/min, heating rate 10 °C/min). The change of 

the enthalpy between the injection moulded caplets (subjected to certain thermal 

and mechanical history) and the powder blends (with relatively no history) will 

reveal the effect of the process parameters under investigation on the crystallinity 

degree of the PEO sample. 

Three binary blends of PEO caplets were tested by DSC to measure the melting 

peak temperature (Tm) and the relative change in crystallinity degree (∆ Xc) by 
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rationing the enthalpy of the melting peak (first heat step) of IM caplets against 

the enthalpy of the melting peak (second heat step) of binary powder blend 

(unprocessed) following to this equation: 

    ∆𝑋𝑐 =
∆𝐻𝑓−∆𝐻𝑓

0

∆𝐻𝑓
0     Equation (5.3) 

where ∆𝐻𝑓 is the enthalpy of the melting peak (first heat step) of IM caplets and 

∆𝐻𝑓
0 is the enthalpy of the melting peak (second heat step) of binary powder blend 

(unprocessed). Values of ∆𝐻𝑓
0 is tabulated in Appendix G. 

5.4.2.2 RSM for injection moulded PEO20K-200K blends 

The first set of experiments used PEO20K-200K at various proportions 

processed at specific process parameters according to the table 5-3. RSM was 

used for CCD. Three factors were considered as independent variables: the 

proportion of the lower molecular weight (PEOL %), Injection speed of IM and the 

mould temperature at injection time. Responses measured by DSC were 

discussed in the previous section. As shown in the table, experiment 14 has +α 

value of the mould temperature equal to 90.5 °C in this proportion (95% PEOL). 

Unfortunately, the chiller capacity in use was up to 80 °C so the maximum mould 

temperature that could be used was 78 °C taking into consideration the thermal 

lag between the chiller and the mould measured by the thermocouples. 

Therefore, the model was fitted missing one experimental point (exp. No 14). 
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Table 5-3 Peak melting temperature (Tm)  and the percentage change in melting enthalpy 
(% ∆ Xc) of PEO20K-200K blends at the experimental design points of RSM (n=2). 

N 
PEOL 

% 

Injection 
speed 
(mm/s) 

Mould 
Temp 
(°C) 

Tm 
(°C) 

∆𝐇𝐟 

(J/g) ∆ Xc 

(%) 

Ave SD Ave SD 

1 92 70 29.1 64.6 0.1 185.8 0.1 5.3 

2 98 70 26.5 64.7 0.1 184.1 1.6 5.5 

3 92 230 29.1 65.7 0.9 182.8 3.7 3.6 

4 98 230 26.5 65.7 0.8 184.3 7.5 5.6 

5 92 70 74.3 66.8 0.6 196.6 2.6 11.5 

6 98 70 76 66.8 0.3 192.5 2.4 10.3 

7 92 230 74.3 66.9 0.0 193.0 3.8 9.4 

8 98 230 76 67.4 0.5 194.4 5.1 11.4 

9 90 150 52 66.3 0.9 193.8 1.2 13.9 

10 100 150 52 66.4 0.9 195.1 4.0 14.6 

11 95 15 52 66.5 0.1 197.6 1.3 12.5 

12 95 285 52 67.0 0.4 195.2 1.8 11.2 

13 95 150 13 64.8 0.0 186.8 1.6 6.4 

14 95 150 90.5  NA  NA  NA   NA  NA 

 15 95 150 52 66.5  196.7  12.0 

16 95 150 52 66.7  196.5  11.9 

17 95 150 52 66.9  194.8  10.9 
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5.4.2.2.1 Peak melting temperature (Tm) as a first response: 

 

Table 5.4 presented analysis of variance for the original model. Two main 

significant factors were detected; injection speed and mould temperature and one 

square effect for mould temperature (P ˂ 0.05). As explained in section 5.3.3, 

original model was reduced to take off any insignificant factors and the model 

was refitted in a systematic manner before any assumptions were made. In all 

following models only the final reduced model was presented and discussed.  
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Table 5-4 Analysis of variance for the original response surface model fitted for Tm (peak) 
(PEO20K-200K blends). 

Source DF Adj SS Adj MS F-Value P-Value 

Model 9 10.9006 1.21117 11.84 0.004 

Linear 3 7.2083 2.40275 23.49 0.001 

       PEOL % 1 0.0432 0.04321 0.42 0.540 

       Inj 
Speed 1 0.9707 0.97066 9.49 0.022 

       T (mould) 1 6.1944 6.19439 60.55 0.000 

Square 3 0.9368 0.31226 3.05 0.114 

       PEOL 
%*PEOL % 1 0.3778 0.37785 3.69 0.103 

       Inj 
Speed*Inj 
Speed 

1 0.0225 0.02251 0.22 0.656 

       T 

(mould)*T(mould) 1 0.6442 0.64424 6.30 0.046 

2-Way 
Interaction 3 0.2850 0.09500 0.93 0.482 

       PEOL 
%*Inj Speed 1 0.0200 0.02000 0.20 0.674 

      PEOL 
%*T (mould) 1 0.0200 0.02000 0.20 0.674 

       Inj 
Speed*T 

(mould) 
1 0.2450 0.24500 2.39 0.173 

Error 6 0.6138 0.10230 
  

     Lack-of-Fit 4 0.5338 0.13345 3.34 0.244 

     Pure Error 2 0.0800 0.04000 
  

Total 15 11.5144 
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During the reducing process, when the fitted model was reduced to main effects 

and square effect of mould temperature the next step was to take of the square 

effect as the p-value was 0.051 (table 5.5). Although P-value was higher than the 

pre-set significance level of 0.05, it was kept in this model as it shows a strong 

tendency towards statistical significance. There is a large debate in literature 

whether P-value is a critical cut-off or a flexible limit set by the experimenter. 

Fisher, the first statistician to introduce this term, had considered p=0.05 as a 

standard level to accept or reject null hypotheses. He explained “We shall not 

often be astray if we draw a conventional line at 0.05” (Bakan 1966). So, the 

factor being significant or not cannot be solely judged by this sharp value. Instead, 

it should be used to compare the significance of two factors with more 

significance assigned to the smaller p-value (Dahiru 2008). Other models showed 

the quadratic effect of the mould temperature which supported the argument here 

to consider it as a significant term. It is important to note that this is not the final 

model yet; reducing process will commence in the next step.  
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Table 5-5 Analysis of variance for the response surface model fitted for Tm (peak) 
(PEO20K-200K blends).  

Source DF Adj SS Adj MS F-Value P-Value 

Model 4 10.2349 2.55873 22.00 0.000 

Linear 3 6.9978 2.33261 20.05 0.000 

       PEOL 
% 1 0.0432 0.04321 0.37 0.555 

       Inj 
Speed 1 0.9707 0.97066 8.35 0.015 

       T 
(mould) 1 5.9840 5.98395 51.45 0.000 

Square 1 0.5561 0.55614 4.78 0.051 

     T 
(mould)*T 
(mould) 

1 0.5561 0.55614 4.78 0.051 

Error 11 1.2795 0.11631 
  

     Lack-of-
Fit 9 1.1995 0.13327 3.33 0.252 

     Pure 
Error 2 0.0800 0.04000 

  

Total 15 11.5144 
   

 

The final reduced model presented two main significant factors: injection speed 

and mould temperature plus a square effect of the mould temperature. ANOVA 

test for the final model (table 5.6) indicated that the mould temperature was more 

significant than the injection speed as a main effect. F-value and P-value of the 

mould temperature as main effect were 54.29 and 0.0 while for injection speed 

the values were 8.81 and 0.012, respectively. The model did not show any 

significant lack of fit (P = 0.27). 
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Table 5-6 Analysis of variance for the final reduced model fitted for Tm (peak) (PEO20K-
200K blends) 

Source DF Adj SS Adj MS F-Value P-Value 

Model 3 10.1917 3.39724 30.82 0.000 

Linear 2 6.9546 3.47731 31.55 0.000 

     Inj 
Speed 

1 0.9707 0.97066 8.81 0.012 

     T 
(mould) 

1 5.9840 5.98395 54.29 0.000 

Square 1 0.5561 0.55614 5.05 0.044 

     T 
(mould)*T 
(mould) 

1 0.5561 0.55614 5.05 0.044 

Error 12 1.3227 0.11022 
  

     Lack-of-
Fit 

10 1.2427 0.12427 3.11 0.268 

     Pure 
Error 

2 0.0800 0.04000 
  

Total 15 11.5144 
   

 

R-sq (adj) for the model was 85.6% and R-sq (pred) was 69.9% which indicates 

a good fitting of the data and high predictive ability for new observations. The 

regression equation resulting from this model was as follows: 

Tm (peak) = 66.001 + 0.00333 Inj Speed + 0.809 T (mould) -

0.273 T (mould)*T (mould)      Equation  (5.4) 
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The T (mould) value in the previous equation is in the coded form and is related to 

thermal behaviour of the material upon heat application. The actual mould 

temperature can be converted to the coded form for each proportion of PEO20K-

200K separately by considering the two following key temperature points of the 

mould temperature (measurements were taken from the DSC test of the 

extrudate; first heat and cool steps): 

➢ Tmould = +1: endset of melting transition in the first heating step (Tm,end) 

➢ Tmould = 0: onset of recrystallisation transition (Tc1) 

For example, if the mould temperature chosen was equal to the Tm,end of the 

sample used, then the coded value to be adopted in the equation would be +1. 

The model displayed one large residual at observation 13 calculated as 0.43. The 

standardized residual was 2.19 which was statistically acceptable as the 

residuals were expected to be normally distributed with no more than 5% of the 

residuals falling outside the 2 standard deviation area around the mean.  

In the normality test using the Anderson-Darling method, P-value of the 

standardised residuals was 0.255. Null hypothesis for Anderson-Darling test 

implies that the data follow a normal distribution. Having a P-value larger than the 

significance level resulted in failing to reject the null hypothesis, which leads to 

the inability to conclude that the data did not follow a normal distribution (figure 

5.3). Other residual plots confirmed equality of variance to a large extent. A slight 

increment in the residuals values were detected when plotting the residuals 

against the observation order which suggest a slight time-order effect, bearing in 

mind the lack of random order in the study due to the risk of contamination. Also, 

the large residual value of observation 13 is clear on the residual Vs fitted value 
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plot but as mentioned above it is still considered within the acceptable range of 

normal distribution (figure 5.4). 

Overall, the model was valid and the main effects playing major roles were 

injection speed and mould temperature with slight curvature in the latter.  

 

Figure 5-3 Probability plot of standardized residual using the Anderson-Darling test 
(Response: Tm, PEO20K-200K blends) 
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Figure 5-4 Residual plots for Tm (peak) (PEO20K-200K blends) 

 

5.4.2.2.2 Relative crystallinity degree as a second response: 

 

As explained in section 5.4.2.1, the reference enthalpy for relative crystallinity 

degree measurements was the melting enthalpy of the second heating step in the 

DSC test of unprocessed sample. The response considered in this section is the 

percentage change of the relative crystallinity degree between the caplets 

manufactured by IM and the reference value. 

The final reduced model in table 5.7 for percentage change in relative crystallinity 

degree ∆ Xc as a response presented one significant term: the quadratic term of 

the mould temperature (P-value = 0.025). Mould temperature as a main effect 

was included in the model as a common good practice due to hierarchy. The 

model showed a fair non-significant lack of fit (P-value=0.051). 
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Table 5-7 Analysis of variance for the final reduced model fitted for ∆ Xc (PEO20K-200K 
blends 

Source DF Adj SS Adj MS F-Value P-Value 

Model 2 100.304 50.1520 8.36 0.005 

Linear 1 24.618 24.6181 4.10 0.064 

T (mould) 1 24.618 24.6181 4.10 0.064 

Square 1 38.333 38.3331 6.39 0.025 

T (mould)*T 
(mould) 

1 38.333 38.3331 6.39 0.025 

Error 13 78.025 6.0020   

Lack-of-Fit 11 77.285 7.0259 18.99 0.051 

Pure Error 2 0.740 0.3700   

Total 15 178.329    

 

The model had unusual observation (table 5.8) in two respects: it did not fit the 

model very well (R: large residual) and it was an extreme point in the x-direction 

(X: leverage point). Using the predicted formula; the difference between 

experimental and fitted value was more than two standard deviation (standard 

residual = 2.93). Since the number of experiments was not very large, this value 

might have a big influence on the model. The data observed averagely fit the 

model, but it may not fit well in practice.  

Table 5-8 Fits and diagnostics for unusual observations in the reduced model 
(Response: ∆ Xc, PEO20K-200K blends) 

Observat
ion 

∆ Xc Fit Residual 
Std 

Residual 
  

13 6.40 2.14 4.26 2.93 R X 
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Observation 13 was probably responsible for the inability to predict new 

observations which limited the use of the model to the current observations (R-

sq predicted = 0). The model was also not great to fit the current data as well (R-

sq adjusted = 49.5%). This observation was the negative extreme point (axial 

point) in the mould temperature (–α = -1.68 in the coded form). As a leverage 

point, it can have undue influence on the analysis. To test if this was the case, 

the observation was taken out of the analysis and the model was re-fitted again. 

Overall, the model with current data was not well fit and needs further 

investigation. 

It is important to note that as we already had a missing point at + α of the mould 

temperature due to limited design space, missing the other extreme point (–α) 

due to its negative influence on the model might affect the orthogonality of DoE 

(to be checked after removing the observation).  

Observation 13 was omitted, and the model was refitted again. The final reduced 

model (without observation 13) for this response was presented in table 5.9. 

ANOVA test indicated that all three main effects were significant. Low molecular 

weight PEO percentage (PEOL %) and mould temperature (T mould) had non-linear 

relationships with the percentage change of crystallinity (∆ Xc). Furthermore, a 

significant two-way interaction occurred between PEOL % and injection speed 

implying that their main effects were confronted with each other. The model also 

showed a non-significant lack of fit (p-value = 0.881). 
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Table 5-9 Analysis of variance for the final reduced model fitted for ∆ Xc (PEO20K-200K 
blends) 

Source DF Adj SS Adj MS F-Value P-Value 

Model 6 158.335 26.3891 145.11 0.000 

Linear 3 66.800 22.2667 122.44 0.000 

     PEOL % 1 1.278 1.2777 7.03 0.029 

     Inj 
Speed 1 1.677 1.6775 9.22 0.016 

     T 
(mould) 1 63.845 63.8450 351.08 0.000 

Square 2 88.409 44.2047 243.08 0.000 

     PEOL 
%*PEOL % 1 9.289 9.2893 51.08 0.000 

     T 
(mould)*T 
(mould) 

1 84.166 84.1657 462.82 0.000 

2-Way 
Interaction 1 3.125 3.1250 17.18 0.003 

     PEOL 
%*Inj 
Speed 

1 3.125 3.1250 17.18 0.003 

Error 8 1.455 0.1819 
  

     Lack-of-
Fit 6 0.715 0.1191 0.32 0.881 

     Pure 
Error 2 0.740 0.3700 

  

Total 14 159.789 
   

 

R-sq (adj) for the model had improved from 49.5 % (for original model) to 98.4% 

(for model without observation 13) which indicates a good fitting of the data for 

current dataset. Omitting observation 13 also had a tremendous impact on the 
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prediction ability of the model for new observations (from 0 % for the original 

model to 97.2% for model without observation 13). 

The regression equation resulting from this model was as follow: 

∆ Xc = 944 - 19.32 PEOL % - 0.2518 Inj Speed + 2.825 T (mould) + 0.1002 PEOL 

%*PEOL % - 4.777 T (mould)*T (mould) + 0.002604 PEOL %*Inj Speed 

         Equation  (5.5) 

The T (mould) value in the previous equation was in the coded form. The actual 

value can be converted to the coded form for each proportion of PEO20K-200K 

separately by following the same steps as in section 5.4.2.2.1. 

The model displayed one large residual at observation 16 which was calculated 

as -0.8. The standardized residual was -2.10 which was statistically acceptable 

as the residuals were expected to be normally distributed with no more than 5% 

of the residuals to fall outside the 2 standard deviation area around the mean. In 

a normality test using the Anderson-Darling method, P-value of the standardised 

residuals was 0.119 which implied that the residuals follow a normal distribution 

(figure 5.5).  

To check orthogonality of the model, VIF value must be one. Our VIF values were 

1 or very close to 1 (1.01) which proved the orthogonality property of the model. 
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Figure 5-5 Probability plot of standardized residual using the Anderson-Darling test 
(Response: ∆ Xc, PEO20K-200K blends) 

 

Other residual plots in figure 5.6 confirmed equality of variance for this model. 

Residual Vs observation order plot showed no trend in the residuals values which 

suggested no time order effect for this model. When plotting residuals against the 

fitted value, there was no trend or clear curvature which reflects random 

scattering of the points. 

Overall, the model exhibited no lack of fit, R-sq (adj) and R-sq (pred) were both 

high and close to each other.  



193 
 

 

Figure 5-6 Residual plots for ∆ Xc (PEO20K-200K blends) 

 

5.4.2.3 RSM for injection moulded PEO20K-2M blends 

The second set of experiments comprised of PEO20K-2M at various proportions 

processed at various injection speeds and mould temperatures (table 5.10). 

Factors, levels, and responses were similar to the first set of PEO20K-200K. 

Actual values of mould temperatures varied according to the thermal response 

profile of the blends. Similar to the previous set, the model was fitted without 

experimental point No 14 (exceeds chiller capacity).  
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Table 5-10 Peak melting temperature (Tm)  and the percentage change in melting enthalpy 
(% ∆ Xc) of PEO20K-2M blends at the experimental design points of RSM. 

N 
PEOL 

% 

Injection 
speed 
(mm/s) 

Mould 
Temp 
(°C) 

Tm 
(°C) 

∆𝐇𝐟 

(J/g) ∆ Xc 

(%) 

Ave SD Ave SD 

1 92 70 28 65.6 0.6 180.6 5.8 3.1 

2 98 70 24 65.5 0.3 181.7 2.2 6.5 

3 92 230 28 64.6 0.0 183.7 1.1 4.9 

4 98 230 24 65.5 0.5 188.0 0.9 10.2 

5 92 70 78 66.6 0.5 195.2 2.1 11.5 

6 98 70 76  66.4 0.3 198.5 0.3 16.4 

7 92 230 78 66.9 0.3 191.0 6.4 9.1 

8 98 230 76 66.5 0.0 198.8 0.9 16.5 

9 90 150 52.8 66.3 0.0 190.8 0.4 12.6 

1
0 100 150 52 67.1 0.4 197.1 0.5 15.8 

1
1 95 15 52.5 66.6 0.3 195.0 2.3 11.4 

1
2 95 285 52.5 66.6 0.0 190.9 2.9 9.0 

1
3 95 150 14 64.4 0.1 183.3 0.4 4.7 

1
4 95 150 91   NA  NA  NA NA  NA 

1
5 95 150 52.5 66.0   196.2   12.1 

1
6 95 150 52.5 66.7   196.2   12.1 

1
7 95 150 52.5 66.8   195.1   11.4 
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5.4.2.3.1 Peak melting temperature (Tm) as a first response: 

 

Table 5.11 summarises ANOVA test for the final reduced model for PEO20K-2M. 

It is apparent that mould temperature had a significant effect (P-value=0.0) on the 

peak melting temperature of the blends. It also showed a non-linear relationship 

between this factor and the response (square term; P-value=0.003). The model 

showed no significant lack of fit (P-value=0.75). 

Table 5-11 Analysis of variance for the final reduced response surface model fitted for Tm 
(peak) (PEO20K-2M blends). 

Source DF Adj SS Adj MS F-Value P-Value 

Model 2 7.9100 3.9550 29.82 0.000 

Linear 1 3.2648 3.2648 24.61 0.000 

      T 
(mould) 1 3.2648 3.2648 24.61 0.000 

Square 1 1.7327 1.7327 13.06 0.003 

     T 
(mould)*T 
(mould) 

1 1.7327 1.7327 13.06 0.003 

Error 13 1.7244 0.1326 
  

     Lack-of-
Fit 11 1.3444 0.1222 0.64 0.746 

     Pure 
Error 2 0.3800 0.1900 

  

Total 15 9.6344 
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R-sq (adj) for the model was 79.4% and R-sq (pred) was 71.5% which indicate a 

good fitting of the data and a high predictive ability for new observations. The 

regression equation resulting from this model was as follow: 

Tm (peak) = 66.521 + 0.598 T (mould) - 0.483 T (mould)*T (mould)   Equation  (5.6) 

T(mould) value in the previous equation was in the coded form. The actual value 

can be converted to the coded form for each proportion of PEO20K-2M 

separately by following the same steps as in section 5.4.2.2.1. 

The model displayed two unusual observations (table 5.12): 

➢ Large residual (R) in observation 3: the standardized residual is equal to -

2.49. Although it is outside the 2 standard deviation limits, it is still within 

the acceptable range of the normal distribution of residuals. Furthermore, 

this large residual does not show a significant impact on lack of fit, R-sq 

(adj) and R-sq (pred). 

➢ Unusual imbalanced observation (X) in observation 13: is the point where 

the mould temperature was equal to –α (-1.68). It was stated before that 

the observation point of + α (+1.68) for mould temperature was omitted in 

this study due do design limitation. So, having only one point of these two 

extreme axial levels resulted in the other being considered as an extreme 

point in the X-direction. It was clear that this observation was not causing 

any detrimental damage to the quality of the model. 
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Table 5-12 Fits and diagnostics for unusual observations in the reduced model 
(Response: Tm (peak), PEO20K-2M blends) 

Observati
on 

Tm 
(peak) 

Fit Residual 
Std 

Residual 
  

3 64.600 65.440 -0.840 -2.49 R 
 

13 64.400 64.151 0.249 1.15 
 

X 

 

Residual plots (figure 5.7) confirmed equality of variance to a large extent. The 

graphs look normal, evenly distributed across the spread and there is no clear 

evidence of time related effect. All diagnostic tools collectively proved the validity 

of the model. 

 

 

Figure 5-7 Residual plots for Tm (peak) (PEO20K-2M blends) 
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5.4.2.3.2 Relative crystallinity degree as a second response: 

 

The final reduced model in table 5.13 for percentage change in relative 

crystallinity degree ∆ Xc as a response, presented two significant main effects of 

PEOL% and T(mould) (P-values = 0.006 and 0.000 respectively). It also showed no 

significant two-way interactions or square effect for any factor in the model. 

The model suffered from a significant lack of fit (P-value= 0.029) which indicated 

that a highly significant term was taken out of the model. 

 

Table 5-13 Analysis of variance for the final reduced model fitted for ∆ Xc (PEO20K-2M 
blends) 

Source DF Adj SS Adj MS F-Value P-Value 

Model 2 189.981 94.991 20.21 0.000 

Linear 2 189.981 94.991 20.21 0.000 

     PEOL % 1 50.963 50.963 10.84 0.006 

     T(mould) 1 139.018 139.018 29.58 0.000 

Error 13 61.098 4.700 
  

     Lack-of-Fit 11 60.771 5.525 33.82 0.029 

     Pure Error 2 0.327 0.163 
  

Total 15 251.079 
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The data fitting in the model was good (R-sq (adj) = 71.92%) and the predictive 

ability was fair (R-sq (pred) = 58.31%). The difference between R-sq (adj) and R-

sq (pred) is not large (13.61%). The regression equation resulting from this model 

is presented below: 

∆ Xc = -50.3 + 0.644 PEOL % + 3.613 T (mould)    Equation  (5.7) 

T(mould) value in the previous equation was in the coded form. The actual value 

can be converted to the coded form for each proportion of PEO20K-2M 

separately by following the same steps as in section 5.4.2.2.1. 

Table 5.14 displays one large residual at observation 9 which was calculated as 

5.013. The standardised residual was 2.71 which is statistically fairly acceptable 

as the residuals were expected to be normally distributed with no more than 5% 

of the residuals falling outside the 2 standard deviation area around the mean. In 

a normality test using the Anderson-Darling method, the P-value of the 

standardised residuals was 0.351 which leads to failing to reject the null 

hypothesis; cannot conclude that the data does not follow a normal distribution 

(figure 5.8). 

Table 5-14 Fits and diagnostics for unusual observations in the reduced model 

(Response: ∆ Xc, PEO20K-2M blends) 

Observatio
n 

∆ Xc Fit Residual 
Std 

Residual 
 

9 12.600 7.587 5.013 2.71 R 

 

Residual plots in figure 5.9 confirmed equality of variance to a large extent. The 

graphs looked normal, evenly distributed across the spread and there was no 

clear evidence of time related effect.  
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Figure 5-8 Probability plot of standardised residual using the Anderson-Darling test 
(Response: ∆ Xc, PEO20K-2M blends) 

 

 

Figure 5-9 Residual plots for ∆ Xc (PEO20K-2M blends) 
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5.4.2.4 RSM for injection moulded PEO200K-2M blends 

The last set of experiments consisted of PEO200K-2M blends processed at 

various injection speeds and mould temperatures as shown in table (5.15). 

Factors, levels, and responses were similar to the first set of PEO20K-200K. 

Actual values of mould temperatures varied according to the thermal response 

profile of the blends. Similar to the previous sets, the model was fitted without 

experimental point No 14 (exceeds chiller capacity). 
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Table 5-15 Peak melting temperature (Tm)  and the percentage change in melting enthalpy 
(% ∆ Xc) of PEO200K-2M blends at the experimental design points of RSM. 

N 
PEOL 

% 

Injection 
speed 
(mm/s) 

Mould 
Temp 
(°C) 

Tm 
(°C) 

∆𝐇𝐟 

(J/g) ∆ Xc 

(%) 

Ave SD Ave SD 

1 92 70 34 65.6 0.1 158.4 0.8 10.3 

2 98 70 35 65.3 0.0 159.5 0.4 14.0 

3 92 230 34 65.3 0.2 156.9 2.2 9.3 

4 98 230 35 66.1 0.7 159.2 0.4 13.8 

5 92 70 74 66.0 0.6 162.1 2.9 12.9 

6 98 70 75 65.5 0.5 160.5 2.8 14.7 

7 92 230 74 65.8 0.2 163.3 0.7 13.7 

8 98 230 75 65.7 0.6 160.3 3.0 14.6 

9 90 150 54 66.2 0.7 163.5 1.3 15.3 

10 100 150 55 66.0 0.5 166.6 1.6 20.5 

11 95 15 54 66.0 0.5 166.6 0.2 17.7 

12 95 285 54 65.8 0.3 166.0 0.9 17.3 

13 95 150 15 64.4 0.1 153.7 0.8 8.6 

14 95 150 93  NA NA NA  NA 

15 95 150 54 65.3   161.7   14.3 

16 95 150 54 66.0   162.5   14.8 

17 95 150 54 65.9   167.0   18.0 
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5.4.2.4.1 Peak melting temperature (Tm) as a first response: 

 

The model for Tm as a response was reduced to exclude the non-significant 

terms. ANOVA test was carried out in table 5.16 and the significant terms were 

presented. Tmould had non-linear relationships with peak melting temperature. The 

model also showed a significant two-way interaction between PEOL % and 

injection speed implying that their main effects were confronted with each other. 

PEOL %, injection speed and T(mould) were included as a common good practice 

due to hierarchy. The model showed non-significant lack of fit (P-value=0.152). 
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Table 5-16 Analysis of variance for the final reduced model fitted for Tm (peak) (PEO200K-
2M blends). 

Source DF Adj SS Adj MS F-Value P-Value 

Model 5 2.40257 0.48051 9.71 0.001 

Linear 3 0.17115 0.05705 1.15 0.375 

     PEOL % 1 0.01394 0.01394 0.28 0.607 

      Inj Speed 1 0.00196 0.00196 0.04 0.846 

     T (mould) 1 0.15524 0.15524 3.14 0.107 

Square 1 1.31186 1.31186 26.51 0.000 

     T(mould)*T 

(mould) 1 1.31186 1.31186 26.51 0.000 

2-Way 
Interaction 1 0.28125 0.28125 5.68 0.038 

     PEOL %*Inj 
Speed 1 0.28125 0.28125 5.68 0.038 

Error 10 0.49493 0.04949 
  

     Lack-of-Fit 8 0.47493 0.05937 5.94 0.152 

     Pure Error 2 0.02000 0.01000 
  

Total 15 2.89750 
   

 

The model offered a good fitting of the current data (R-sq (adj) = 74.4 %) but the 

prediction of the responses for new observations did not exceed 44.2%. 

The regression equation is as below: 

Tm = 78.13 - 0.1278 PEOL % - 0.0741 Inj speed + 0.1303 T(mould) - 0.4198 T(mould) 

*T (mould) + 0.000781 PEOL %*Inj speed    Equation (5.8) 
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The model displayed one large residual at observation 4 (standardised residual 

= 2.76). Although it was considered a large residual, it still fell within the 

acceptable range of the normal distribution of residuals. In a normality test using 

the Anderson-Darling method, the P-value of the standardised residuals was 

0.374 which implies that the residuals followed a normal distribution (figure 5.10). 

 

Figure 5-10 Probability plot of standardised residual using the Anderson-Darling test 
(Response: Tm, PEO200K-2M blends) 

 

Other residual plots confirmed equality of variance to a large extent. The large 

residual of observation 4 was shown on the figure (blue arrow) as an extreme 

point which drifted the shape of the residual plots (figure 5.11). The rest of the 

residuals looked normally distributed with no clear time order effect. 
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Figure 5-11 Residual plots for Tm (peak) (PEO200K-2M blends) 

 

5.4.2.4.2 Relative crystallinity degree as a second response: 

 
Table 5.17 presents ANOVA test for this model considering the ∆ Xc as a 

response. The main significant terms in this model were the PEOL% and the 

mould temperature (P-value = 0.004 and 0.178, respectively). The table also 

shows a significant square effect for mould temperature indicating the non-linear 

relationship between this factor and the response. 

The model showed no significant lack of fit (P-value= 0.823) 
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Table 5-17 Analysis of variance for the final reduced model fitted for ∆ Xc (PEO200K-2M 
blends) 

Source DF Adj SS Adj MS F-Value P-Value 

Model 3 122.710 40.903 17.80 0.000 

Linear 2 32.952 16.476 7.17 0.009 

     PEOL % 1 28.260 28.260 12.30 0.004 

     T (mould) 1 4.692 4.692 2.04 0.178 

Square 1 63.382 63.382 27.59 0.000 

     T(mould)*T 
(mould) 1 63.382 63.382 27.59 0.000 

Error 12 27.568 2.297 
  

     Lack-of-Fit 10 19.508 1.951 0.48 0.823 

     Pure Error 2 8.060 4.030 
  

Total 15 150.277 
   

 

The data fitting in the model represented by R-sq (adj) was good (77.1%) and the 

predictive ability represented by R-sq (pred) was fair (58.31%). The difference 

between R-sq (adj) and R-sq (pred) was not too large (18.3%). The regression 

equation resulting from this model is presented below: 

∆ Xc = -29.1 + 0.479 PEOL % + 0.716 T (mould) - 2.918 T (mould)*T (mould) 

         Equation  (5.9) 

The T(mould) value in the previous equation was in the coded form. The actual 

value can be converted to the coded form for each proportion of PEO20K-2M 

separately by following the same steps as in section 5.4.3.2.1. 
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The model offered no unusual observation, which reflects a great fitting of the 

data. Residual plots in figure 5.12 confirmed equality of variance to a large extent. 

The graphs looked normal, evenly distributed across the spread and there was 

no clear evidence of time related effect. 

 

 

Figure 5-12 Residual plots for ∆ Xc (PEO200K-2M blends) 
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5.4.3 Impact of RSM study on caplets performance 

After identifying the significant factors (main effects, quadratic and interaction 

terms) for each model of the RSM study, the impact of these factors on the 

crystallisation behaviour of PEO was investigated. A comparison between the 

various models was established and a standard response optimisation was 

introduced for one model to show the practical aspect of this study which can be 

replicated to suite other research requirements and objectives. A full comparison 

of the various models is tabulated in table 5.18. 

Table 5-18 RSM study of the CCD for three PEO binary blends and two responses. R = 
large residual. X = unusual observation 

PEO 
blends 

Respons
e 

Significant terms 

Lack of 

fit 
(P-value) 

R-sq 

(adj) 
% 

R-sq 

(pred) 
% 

Unusual 
observation 

20K-
200K 

Tm 
Main effects: 
inj speed & Tmould 
Square effect: Tmould 

0.268 85.6 69.9 
R: 13  

(std resid = 2.2) 

∆ Xc 

Main effects: PEOL, 
Inj speed and T mould 
Square effect: PEOL 
& Tmould 

Interaction: PEOL*Inj 
speed 

0.881 98.4 97.2 
R: 16  

(std resid = -2.1) 

20K-
2M 

Tm 
Main effects: Tmould 
Square effect: Tmould 

0.746 79.4 71.5 

R: 3 (std resid = -
2.5) 

X: 13 (std resid = 
1.2) 

∆ Xc 
Main effects: PEOL & 
T mould 

0.029 71.9 58.3 
R: 9 (std resid = 

2.7) 

200K-
2M 

Tm 

Main effects: PEOL, 
Inj speed and T mould 
Square effect: Tmould 

Interaction: PEOL*Inj 
speed 

0.152 74.4 44.2 
R: 4 (std resid = 

2.8) 

∆ Xc 
Main effects: PEOL & 
T mould 
Square effect: Tmould 

0.823 77.1 58.7 None 
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Generally speaking, factorial plots are ideal to show the response, where the 

significant terms are the main effects, and the quadratic terms. On the other hand, 

contour plots work better where there is an interaction between two factors to 

show the optimum region for specific needs (high or low response levels). By 

using contour plots the third factor has to be fixed. 

5.4.3.1 PEO20K-200K  

The first model using Tm, peak as a response for PEO20K-200K binary blends 

presented two significant factors: injection speed and mould temperature. As 

figure 5.13 shows, both factors were in direct proportion with the response. Mould 

temperature has a non-linear relationship and the response is more sensitive to 

change in mould temperature compared to injection speed. This was also 

evidenced by the P-values for mould temperature and injection speed which were 

0.000 and 0.012, respectively (table 5.6). Tm, peak reached a plateau at around 1 

(1 coded value = endset of the melting point transition).  

 
 
Figure 5-13 Main effects plot of Tm (peak) vs injection speed and mould temperature. 
Mould temperatures are in coded form (PEO20K-200K blends) 
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The second response (∆ Xc) in PEO20K-200K binary blends presented three 

main effects for the three factors: PEOL %, injection speed and mould 

temperature. PEOL % and Tmould had non-linear relationships with the response 

while PEOL % and injection speed had a significant interaction term as illustrated 

in figure 5.14. The maximum change in response due to varying the mould 

temperature was 8 % which makes it more sensitive to the response than other 

factors where the maximum response change did not exceed 3 %. This was 

evidenced by the P-values of these factors as shown in table 5.9.  

 

Figure 5-14 Main Effects Plot of ∆ Xc vs PEOL %, injection speed and mould temperature. 
Mould temperatures are in coded form (PEO20K-200K blends) 
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The interaction plot presented in figure 5.15 for injection speed and PEOL % 

shows that the shear effect implemented by high injection speed was more 

pronounced at high concentration of PEOL. The global minimum response for all 

PEOL% and injection speeds used in the design space displayed a 10.6 % 

increase in crystallinity degree compared to the sample analysed at quiescent 

conditions. 

 

 

Figure 5-15 Interaction Plot of ∆ Xc Vs PEOL % and injection speed (PEO20K-200K 
blends) 
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A contour plot in figure 5.16 allowed spotting the maximum/minimum response 

region by setting the right injection speed for the right PEOL proportion at fixed 

mould temperature. For example, the highest increase in crystallinity degree (˃ 

16 %) can be obtained by processing high PEOL% at high injection speed or low 

PEOL% at low injection speed (T mould = 0 in coded form).  

 

 

 

Figure 5-16 Contour Plot of ∆ Xc vs Injection Speed and PEOL %. Mould temperature is in 
coded form (PEO20K-200K blends) 
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5.4.3.2 PEO20K-2M 

The model of peak melting temperature for PEO20K-2M binary blends presented 

one significant factor which was the mould temperature. As figure 5.17 shows, 

the mould temperature had a positive nonlinear relationship with the response 

when the mould temperature was below Tc1 of the sample (Tmould = 0 in coded 

form). Above this threshold the relationship was negative. The response in this 

model was very sensitive to changing the mould temperature and it can change 

from 64.2 to 66.7 (∆ = 2.5 °C). As the mould temperature increased (below Tc1), 

more heat was required to melt the caplet due to stronger intermolecular 

interactions that need to be overcome. This means that the caplet was more 

physically stable at high mould temperature (low cooling rate) below threshold. 

 

Figure 5-17 Main effects plot of Tm (peak) vs mould temperature (PEO20K-2M blends). 
Mould temperatures are in coded form 
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The second response ∆ Xc in PEO20K-2M binary blends presented two 

significant factors: PEOL % and the mould temperature. As seen in figure 5.18, 

both factors had positive linear relationships with the response with stronger 

effect for mould temperature as evidenced by P-values in the ANOVA study in 

table 5.13 (0.006 and 0.000, respectively). As the percentage of the high 

molecular weight PEO2M in the blend was increased from 0 to 10%, the 

difference in crystallinity degree dropped down from 14 to 7.5 %. Mould 

temperature had a stronger effect, where it could lead to an increase in 

crystallinity degree up to 17 % by setting the mould temperature at a high 

temperature well above the end point of melting temperature of the sample. By 

doing so, the melt will cool down in the mould cavity at a low cooling rate (≈ 1.1 

°C/min) which would allow diffusion of more PEO chains and attachment to the 

stable nucleus. 

 

Figure 5-18 Main Effects Plot of ∆ Xc vs PEOL % and mould temperature. Mould 
temperatures are in coded form (PEO20K-2M blends) 
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5.4.3.3 PEO200K-2M 

The model of peak melting temperature for PEO200K-2M binary blends 

presented one quadratic significant effect of mould temperature plus one 

significant interaction effect between PEOL% and injection speed. As the figure 

5.19 shows, the main effects of these three factors were not significant as they 

did not influence the response greatly. The reason for including them was to keep 

the hierarchy of the system by including the main term for any significant 

interaction or quadratic effect. The figure also showed the significant quadratic 

effect of the mould temperature as evidenced by the low P-value in the ANOVA 

study table 5.16 (P-value = 0.000). The peak melting temperature increased 

steeply as the mould temperature increased until the mould temperature reached 

the global maximum (Tmould = Tc1) where the response started decreasing. 

 

Figure 5-19 Main effects plot of Tm (peak) vs PEOL%, injection speed and mould 
temperature. Mould temperatures are in coded form (PEO200K-2M blends) 
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The interaction plot presented in figure 5.20 for PEOL % and injection speed 

shows that PEOL % had a negative linear relationship with the response at low 

injection speed (low shear effect). By increasing the injection speed, the response 

would be less sensitive to change in PEOL % at medium value (150 mm/s), and 

at high speed the relationship was positive. In other words, as the high molecular 

weight proportion increased in the blend the response varied according to the 

injection speed used: 

➢ At high injection speed: linear negative effect 

➢ At medium speed: not very sensitive 

➢ At low injection speed: linear positive effect   

 

 

Figure 5-20 Interaction Plot of Tm (peak) Vs PEOL % and injection speed (PEO200K-2M 
blends) 
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Contour plot in figure 5.21 allows spotting the maximum/minimum response 

region by setting the right injection speed for the right PEOL proportion at fixed 

mould temperature. For example, the highest peak melting temperature of the 

model can be achieved by choosing either the highest PEOL% and injection 

speed or the lowest PEOL% and injection speed. 

 

 

 

Figure 5-21 Contour Plot of Tm (peak) vs Injection Speed and PEOL %. Mould temperature 
is in coded form (PEO200K-2M blends) 
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The second response ∆ Xc % in PEO200K-2M binary blends presented two 

significant factors: PEOL % and the mould temperature. As seen in figure 5.22, 

PEOL% had a positive linear relationship with the response while mould 

temperature had a significant quadratic effect with global maximum around 0 (0 

= Tc1). The percentage change in crystallinity degree had a positive non-linear 

relationship with mould temperature below Tc1 and a negative non-linear 

relationship above Tc1. 

 

 

Figure 5-22 Main Effects Plot of ∆ Xc vs PEOL % and mould temperature. Mould 
temperatures are in coded form (PEO200K-2M blends) 
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5.4.3.4 Comparison of the models 

It should be noted that a direct comparison of the models through the statistical 

tools like lack of fit, R-square adjusted and R-square predicted was not 

statistically feasible as these values can only be compared within the same 

dataset used. Instead of judging the validity of the models, the comparison here 

was based on the effect of each significant term and the variation in these terms 

through various models investigated in this study. 

Starting with mould temperature, all the models showed a significant effect of this 

factor on both responses; the peak melting temperature and change in 

crystallinity degree. This was the most important factor in this study. All models 

showed a quadratic effect for both responses apart from 20K-2M blends for ∆ Xc 

where the trend was found to be a positive linear. All quadratic effects of mould 

temperature had a positive non-linear relationship with the two responses up to 

threshold value around 0 (0 = Tc1). Beyond this threshold the responses started 

decreasing in a non-linear pattern. The visual observations of the caplets 

presented in table 5.2 showed that for 20K-200K and 20K-2M blends the caplets 

were not of good quality at T mould ≥ 0. Combining the RSM study and the visual 

observations leads to the conclusion that the relationship between the mould 

temperature and the two responses was positive non-linear at the mould 

temperature of interest (below the onset crystallisation temperature of the 

sample).  

Mould temperature represented the cooling rate of the IM process as it was hard 

to control the cooling rate due to the lack of an active cooling system. A PEO 

sample was in a melt state in the extrusion barrel and then injected into the mould 

cavity at tested temperatures. By setting a high mould temperature above Tm of 
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the blend, the sample would be in the melt state after the injection and would then 

be cooled by the water system to the test temperature. The average cooling rate 

was around 1.1 ± 0.1 °C/min (section 2.3.3). On the other hand, setting the mould 

temperature at a very low value (well below Tc of the sample) would have resulted 

in freezing the melt structure once it enters the mould cavity. As the mould 

temperature increased up to the threshold (0 = Tc1), the peak melting temperature 

and the percentage change of crystallinity degree increased as seen by the 

models.  

The slow cooling rate implemented by the high mould temperature resulted in a 

higher crystallinity degree since the sample would have had sufficient time to 

recrystallise and form the intermolecular interactions which would have also lead 

to a significant increase in the melting point of the sample. The sensitivity of the 

melting temperature to change in mould temperature decreased with increasing 

the molecular weight of the blends. The difference between the minimum and 

maximum response of peak melting temperature in the design space were 2.8, 

2.3 and 1.4 °C for PEO20K-200K, PEO20K-2M and PEO200K-2M, respectively. 

The great number of chain ends at lower molecular weight blends allowed them, 

at a slow cooling rate, to diffuse in the local medium to the growth surfaces and 

form the secondary interactions which increased the peak melting temperature. 

The change in the crystallinity degree between the maximum and minimum for 

all models varies from 8 to 12 % when compared to same blends processed at 

quiescent conditions. 

The second factor studied in this chapter was the injection speed which reflects 

the amount of shear applied by the system while injecting the sample. Injection 

speed appeared as a significant factor for both responses in the lower molecular 
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weight blends of PEO20K-200K. For peak melting temperature the injection 

speed had a positive linear relationship and was able to change the response by 

1 °C within the experimental space studied. The opposite trend was found for ∆ 

Xc where the response was in a negative relationship with the injection speed 

and the maximum change in the crystallinity degree was 3.5%. It was also 

interesting to see that the interaction terms found in the studied models were only 

between the injection speed and the PEOL % which shows the couple effect 

between these two factors. The interaction effects were found in models of ∆ Xc 

in 20K-200K blends and Tm in 200K-2M blends. In both models the effect of the 

PEOL % on the response largely depended on the injection speed level and 

varied from negative (for low injection speed) to positive (for high injection speed) 

linear and non-linear relationships.  

Medium injection speed showed a weak influence on the response within the 

PEOL % investigated. This meant that at high shear rate (by setting high injection 

speed), peak melting temperature increased by increasing PEOL%. Assuming the 

shish kebab structure was produced at high injection speed, melting temperature 

was expected to increase as the shift from unoriented spherulites to shish kebab 

structures increased (Somani et al. 2005). This factor needs more investigation 

to understand the structure that could be obtained at high injection speed and 

various percentages of low molecular weight PEO.  

The third factor studied in this chapter was the molecular weight effect 

represented by the various percentages of low molecular weight PEO at various 

binary blends. This factor was considered significant in all ∆ Xc models across the 

three binary blends. The order of sensitivity (max-min response in the whole 

factor levels range) of the response to the change in PEOL% was 3, 5 and 7 % 
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for 20K-200K, 200K-2M and 20K-2M, respectively. The relationship was positive 

linear apart from 20K-200K where it was non-linear. It is clear that the crystallinity 

degree increased as the lower molecular weight proportion increased. The 

interaction terms of PEOL% were discussed in the previous paragraph. 

5.4.3.5 Response optimisation of the models 

The previous models discussed in section 5.4.3.1 to 5.4.3.3 presented the 

significant factors as main effects, quadratic terms and interaction terms. For 

industrial application, a quality by design approach can be implemented for any 

model discussed earlier by using the response optimisation method. This method 

helps identify the combination of significant factors settings and their levels to 

achieve the objective for a single response or a set of responses. The objective 

can be maximum or minimum value of the response. Objectives vary according 

to the intended use of the dosage forms. In this section, one response will be 

optimised as a role model that can be mimicked for other models to suite a 

specific need. 

The response chosen for optimisation was the peak melting temperature for 

PEO200K-2M. The model presented mould temperature as a quadratic 

significant term and interaction term between PEOL% and injection speed. As 

seen by figure 5.23, to achieve maximum value of peak melting temperature in 

the experimental space of interest, the three factors shall be set to 90 %, 15.5 

mm/s and 0.16 (coded form) for PEOL%, injection speed and mould temperature, 

respectively. The maximum fitted response that could be achieved was 66.6 °C 

at the mentioned levels of the three factors. There was 95% confidence in this 

prediction that the actual average response (from experiment) would be in the 

range between 65.9 and 67.2 °C, and that one individual observation would be in 
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the range between 65.8 and 67.4 °C. A similar method can be applied for 

minimum response if the system requires minimum peak melting temperature of 

the caplets produced. 

 

Figure 5-23 Optimisation plot for peak melting temperature in PEO200K-2M set. 
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5.5 Conclusion 

Crystallisation of pharmaceutical polymeric systems during IM as a model for hot 

melt processing was discussed in this chapter. Injection moulding is a complex 

process which produces flexible shapes and sizes of the end product. The 

process includes applying thermal and mechanical stress to the sample during 

manufacturing. A full understanding of the process is yet to be achieved and the 

current study proposes the concept of studying the main factors affecting the 

process including the main effects, quadratic terms and interaction between 

factors. For an efficient and time-saving study, the design of experiment (DoE) 

methodology was implemented to plan the experimental points using central 

composite design (CCD). The significance of the studied factors was investigated 

by ANOVA test and other model terms such as lack of fit, R-sq and p-values. 

The first aspect of the study was the visual observation of the external 

morphology produced under various conditions and compositions. Achieving the 

required quality attributes should guarantee quality caplets in terms of shape, 

filling and reducibility. In general, processing low molecular weight PEO20K 

blends in IM was challenging compared to PEO200K blends due to the low 

viscosity of PEO20K. Blends of PEO20K shared similar trends when injected at 

low mould temperature (≤ -1 in the coded form) which resulted in good quality 

caplets. On the other hand, caplets produced at mould temperature above 0 (0= 

Tc1) suffered from flashing, voids and poor filling. Binary blends caplets of 

PEO200K-2M were perfect at mould temperature below 0 ̊C. At higher 

temperatures, the caplets developed minor flashing, small voids and the filling 

was over 90 %.  
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Three parameters were investigated in this study at various levels: injection 

speed, mould temperature and molecular weight. Three binary sets of PEO20K, 

200K and 2M were processed via IM at various proportions (90, 92, 95, 98 and 

100% of PEOL). By predicting the effects of processing parameters and sample 

composition on crystallisation behaviour, it is possible to tailor the parameters to 

obtain the optimum quality attributes as seen by response optimiser in this study. 

Thermal analysis of the caplets was carried out to compare two important 

responses: peak melting temperature and crystallinity degree change between 

the caplets and the raw materials. Models of the various blends and responses 

will be briefed here. All models are assumed to be valid with good fitting of the 

data (R-sq adj), good prediction ability (R-sq pred) and no significant lack of fit 

unless otherwise specified. 

➢ PEO20K-200K 

o Peak melting temperature (Tm): 

The final reduced model presented two main significant factors; injection speed 

(main effect) and Tmould (square effect) with direct proportion to the response for 

both factors. ANOVA test showed that Tmould was more significant than the 

injection speed as a main effect (response is more sensitive to Tmould). Tm reached 

a plateau at around 1 (= endpoint of the melting transition). 

o Relative crystallinity degree: 

The original reduced model had an extreme unusual observation (axial point) and 

the model was not well fit. The observation was omitted, and the model was 

refitted again with enhanced results. The new model presented three main 

effects: PEOL %, injection speed and Tmould. PEOL % and Tmould had non-linear 
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relationships with the response. A significant two-way interaction occurred 

between PEOL % and injection speed. The maximum change in response due to 

varying the mould temperature was 8 % which made it more sensitive to the 

response than other factors where the maximum response change did not exceed 

3 %. For the interaction term, the shear effect implemented by high injection 

speed was more pronounced at high PEOL% 

➢ PEO20K-2M 

o Peak melting temperature (Tm): 

The model presented Tmould as a significant factor with square effect. It was found 

that Tmould had a positive nonlinear relationship with the response when the Tmould 

˂ Tc1 of the sample. Above this value, the relationship was negative. Tm was very 

sensitive to changing Tmould across the entire region (∆Tm = 2.5 °C). 

o Relative crystallinity degree: 

The model presented two significant factors (main effects): PEOL% and T(mould). 

The model suffered from a significant lack of fit which indicated that a highly 

significant term had been taken out of the model. Other statistical terms were 

average, so the model was accepted under the test conditions. Both factors had 

positive linear relationships with the response. Tmould had a stronger influence and 

lead to an increase in the crystallinity degree up to 17 % compared to 

unprocessed blends. As the higher molecular weight proportion increased in the 

blend, ∆ Xc dropped by 50%. 
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➢ PEO200K-2M: 

o Peak melting temperature (Tm): 

The model presented Tmould with square effect and a significant two-way 

interaction between PEOL % and injection speed. Tm increased steeply as Tmould 

increased until it reached the global maximum at Tmould = Tc1 where the response 

started decreasing. As the high molecular weight proportion increased in the 

blend the response varied according to the injection speed used: 

     - At high injection speed: linear negative effect 

     - At medium speed: not very sensitive 

     - At low injection speed: linear positive effect 

o Relative crystallinity degree: 

The model presented two main significant factors: PEOL% and Tmould. PEOL% 

had a positive linear relationship with the response while Tmould had a significant 

quadratic effect with global maximum at Tmould = Tc1. ∆ Xc had a positive non-

linear relationship with Tmould below Tc1 and a negative non-linear relationship 

above Tc1. 

An overall look at the relationship between the factors and responses in this study 

is concluded as follows: 

➢ Mould temperature (Tmould): 

Tmould was a significant factor in all models. The relationship between Tmould and 

the two responses was positive non-linear at the mould temperature of interest 

(below Tc1 of the sample). Beyond this temperature, the caplets were not fully 
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formed and suffered from impairments (poor quality caplets). The slow cooling 

rate implemented by the high mould temperature resulted in a higher crystallinity 

degree and an increase in the melting point of the sample. The sensitivity of the 

melting temperature to change in mould temperature decreases with increasing 

the molecular weight of the blends. ∆ Xc for all models varied from 8 to 12 % when 

compared to same blends processed at quiescent conditions. Overall, Tmould was 

found to be the most significant factor in crystallisation of the PEO binary blends 

processed via IM.  

➢ injection speed  

Injection speed reflects the amount of shear applied by IM process. Injection 

speed was found to be a significant factor for both responses in PEO20K-200K 

blends. For peak melting temperature, the injection speed had a positive linear 

relationship and was able to change the response by 1 °C within the experimental 

space studied. The opposite trend was found for ∆ Xc where the response was 

in a negative relationship with the injection speed and the maximum change in 

the crystallinity degree was 3.5% within the tested points. It was also interesting 

to see that the interaction terms found in the studied models were only between 

the injection speed and the PEOL % which shows the couple effect between these 

two factors. The interaction effects were found in models of ∆ Xc in 20K-200K 

blends and Tm in 200K-2M blends. In both models the effect of the PEOL % on 

the response largely depended on the injection speed level and varied from 

negative (for low injection speed) to positive (for high injection speed) linear and 

non-linear relationship.  
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Medium injection speed showed a weak influence on the response within the 

PEOL % investigated. This means that at a high shear rate, Tm increased by 

increasing PEOL%. This factor needs more investigation to understand the 

structure obtained at high injection speed and various percentage of low 

molecular weight PEO.  

➢ Molecular weight effect  

This factor was considered significant in all ∆ Xc models across the three binary 

blends. The order of sensitivity (max-min response in the whole factor level 

range) of the response to the change in PEOL% was 3, 5 and 7 % for 20K-200K, 

200K-2M and 20K-2M, respectively. The relationship was positive linear apart 

from 20K-200K where it was non-linear. It was clear that the crystallinity degree 

increased as the lower molecular weight proportion increased.  
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6 Conclusion and future work 
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6.1 Introduction 

Due to the critical implications of crystallisation during processing, many attempts 

have been made to explore the process conditions, control parameters, and 

manipulate the end product using quality-by-design approach. In order to 

understand the crystallisation in the pharmaceutical dosage forms, we must first 

investigate the behaviour of the polymeric systems during shear-involved 

processing. The aim of this study was to investigate the parameters affecting 

crystallisation of PEO binary systems in injection moulding as a model technique 

in hot melt processing. The novelty of this research lies in investigating the most 

important factors including square effect and interaction terms using the design 

of experiment methodology which results in unique picture of the studied 

polymeric systems. 

The candidate polymer used in this study; PEO, was characterised first in 

quiescent conditions and then under a real manufacturing environment. The 

methodology applied can by utilised to tailor-made the intended quality attributes 

using the information of the main effects and interactions between the significant 

parameters involved in the process. A systematic approach for obtaining the 

optimum crystallinity content in the binary PEO blends was developed and 

illustrated in section 5.4.3.5.  

6.2 Thermal, structural and rheological characterisation of 

pure PEO 

The thermal degradation of pure PEO was studied using TGA to set the safe 

boundaries for further processing. The lowest onset of decomposition 

temperature for the three studied PEOs was 251.9 °C for PEO20K. All further 
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experiments should be below this limit to ensure minimal thermal degradation 

during processing. 

The influence of cooling rates on melting and crystallisation of pure PEOs have 

been investigated by DSC analysis at cooling rates; 10, 5, 2 and 1 ˚C/min. The 

results showed that PEO200K and PEO2M struggle to recrystallise to the same 

extent of the raw sample compared to PEO20K which retain similar crystallinity 

when cooled at 1 °C/min. The onset of crystallisation temperature (Tc1) is 

detected at various temperatures depending on the molecular weight of PEO. 2 

°C/min cooling rate was considered for further analysis as it showed a distinctive 

contrast between all polymer grades compared to other cooling rates studied. 

PEO2M behaved like a solid at shear strain lower than 21.40 % which explains 

the failure to process this grade at melting point temperature via IM applying low 

strain amplitudes. Instead the polymer should be heated up to 150 ˚C to allow 

easy processing and shaping of the polymer. 

Frequency sweep results showed that PEO20K had low viscosity at melting point 

region with Newtonian behaviour. For PEO200K, the polymer has longer chains 

and contains more entanglement which stores energy and exhibits longer 

relaxation time and shear thinning behaviour. PEO2M was similar to PEO200K 

in terms of behaviour, but the amplitude was larger which indicates higher shear 

thinning sensitivity (higher entanglement).  

The diffraction patterns of PEO showed distinguished diffraction peaks similar to 

the patterns for pure PEO in the literature. The three grades tested in this study 

showed no difference in the main peaks,  which was in alignment with literature 

findings (Ozeki et al. 1999). 
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The outcome of previous characterisations will help in setting the right levels of 

the process parameters to ensure ease of processing within the safe thermal 

limits. 

6.3 The Role of Molecular Weight and Process Temperature on 

Crystallisation of PEO binary blends 

Three sets of PEO binary blends were used in this study at various proportions: 

90, 95, 98, 99 and 100 (pure). Onset of crystallisation and enthalpy were 

measured using DSC at four cooling rates: 10, 5, 2 and 1 ˚C/min. For binary 

blends, the change in crystallinity degree was maximum for PEO200K-2M blends 

and it decreased up to 25 % upon melting and recrystallisation at quiescent 

conditions. The relaxation time for this blend was longer than the tested cooling 

rates. This means that processing PEO200K-2M will result in losing a significant 

portion of crystallinity compared to raw materials. On the other hand, PEO20K-

200K retained most of the crystallinity upon cooling at rate 1 ˚C/min.  

The onsets of crystallisation temperature (Tc1) order for low cooling rates was: 

PEO2M ˃ PEO20K ˃PEO200K. It was interesting to find that Tc1 for the blends 

did not necessarily lie between the values of the homopolymers which explain the 

importance of using binary blends. Tc1 showed no significant sensitivity to PEOL% 

in PEO20K-200K blends at tested cooling rates (the difference is ≤ 0.5 ˚C). This 

is because Tc1 for pure PEO20K and PEO200K are fairly close especially at high 

cooling rates. The effect of PEOL% on Tc1 was pronounced for PEO20K-2M 

blends, where Tc1 exhibited inverse proportionality to PEOL%. The proportionality 

was significant for PEO200K-2M blends, where the onset decreased up to 1.3 ˚C 

as the PEOL% increased from 90% to 99% at cooling rate 1 ˚C/min. 
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The first detection (Td) of PEO crystals under HSM reflects the crystal growth of 

the spherulites rather than the onset of the crystallisation. For binary blends, Td 

had two distinctive behaviours according to the cooling rate applied. For 5 ̊ C/min, 

the PEOL% was inversely proportional to Td for all PEO binary blends. However, 

at lower cooling rates 2 and 1 ˚C/min a direct proportionality between the PEOL% 

and Td was observed. This finding complies with the results of the pure PEO. 

The general conclusion of this chapter is that increasing the percentage of the 

low molecular weight in the binary blends will result in reduction of the onset of 

crystallisation, increment in the crystallinity degree and potential quicker growth 

of the spherulites. Extending the experimental points beyond 90% of PEOL might 

give a wider picture about the role of molecular weight in the binary blends. 

6.4 Significant parameters affecting crystallisation of PEO 

binary blends processed via injection moulding 

Experimental points were planned via design of experiment (DoE) approach 

using Central Composite Design (CCD). Response surface methodology (RSM) 

was applied to investigate the effects of injection speed, mould temperature and 

molecular weights of PEO binary blends. Results were compared in terms of peak 

melting temperature (Tm) and relative change in crystallinity degree using DSC.  

In general, processing PEO20K base blends in IM was challenging compared to 

PEO200K base blends due to low viscosity of PEO20K. Caplets of PEO20K 

blends produced at low Tmould suffered from flashing and poor filling. On the other 

hand, caplets of PEO200K-2M blends developed minor flashing, small voids 

when processed at high temperatures.  
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6.4.1 Factors affecting crystallisation of PEO binary blends via IM 

6.4.1.1 Mould temperature (Tmould): 

Tmould was a significant factor in all models. The relationship between Tmould and 

the two responses was positive non-linear at the Tmould ˂ Tc1. Above Tc1, the 

caplets were not fully formed. The slow cooling rate implemented by the high 

Tmould resulted in a higher crystallinity degree and an increase in the Tm of the 

sample. The sensitivity of the Tm to change in Tmould decreased with increasing 

the molecular weight of the blends. ∆ Xc for all models vary from 8 to 12 % when 

compared to unprocessed samples. Overall, Tmould was the most significant factor 

in crystallisation of the PEO binary blends processed via IM. 

6.4.1.2 Injection speed 

RSM showed that injection speed is a significant factor for both responses in 

PEO20K-200K blends. For Tm, the injection speed had a positive linear 

relationship and can change the response by 1 °C within the experimental space 

studied. The opposite trend was found for ∆ Xc % where the response was in a 

negative relationship with the injection speed and the maximum change in ∆ Xc% 

was 3.5% within the tested points.  

It was interesting to see that the interaction terms found in the RSM study for all 

models were only between the injection speed and the PEOL % which shows the 

couple effect between these two factors. This factor needs more investigation to 

understand the structure obtained at high injection speed and various PEOL%. 

6.4.1.3 Molecular weight  

This factor was considered significant in all ∆ Xc models across the three binary 

blends. The order of ∆ Xc sensitivity to PEOL% was 3, 5 and 7 % for 20K-200K, 
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200K-2M and 20K-2M, respectively. The relationship was a positive linear apart 

from 20K-200K where it was non-linear. It is clear that the crystallinity degree 

increased as PEOL% increased. 

6.4.2 Response optimisation of the models 

For industrial application, a quality by design approach can be implemented for 

any model discussed earlier by using the response optimisation method. This 

method helps identify the combination of significant factors settings and their 

levels to achieve the objective for a single response or a set of responses.  

To fabricate the system with the desirable levels for certain quality attributes, for 

example maximum crystallinity degree or higher melting point, the user can run 

the experiment at certain injection speed and mould temperature using the right 

proportion of PEOL of the right binary set. In this study, highest crystallinity degree 

can be achieved by processing 20K-2M blends and manipulating the mould 

temperature. The maximum crystallinity degree could be reached by setting the 

mould temperature at value higher than the end point of melting transition and 

choosing the highest PEOL% in PEO20K-2M blends. Similarly, maximum peak 

melting temperature which could be beneficial target for thermal stability was 

recorded at 67 ̊C at high injection speed and high mould temperature. 
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6.5 Future work 

Many scopes exist to take this work further. Some works are underway and will 

be published soon and others open for future research. 

Firstly, thermal analysis was done for the binary blends PEO at the proportions 

90, 92 95, 98, 99 and 100 (pure) of the lower molecular weights. It was 

challenging for some tests to conclude the shape of the trend due to the range 

used. Extending the range below 90 % by adding a few more points could have 

a better impact on the judgment regarding the overall behaviour of the responses. 

In addition, the study shows the unique behaviour of the PEO20K, and the order 

of some behaviour was as follows; PEO2M, PEO20K and then PEO200K. It 

seems that the crystallisation behaviour is not following the molecular weight 

order, which reflects a special conformation of PEO20K which could be due to 

the short chains compared to other grades. Studying the behaviour of these 

grades under shear rheometer fitted with a camera might expose the 

macromolecular behaviour under quiescent and shear conditions. 

For HSM study, the results could be augmented by a crystal growth study by 

measuring the change in the spherulite radius with time (underway study to be 

published). 

In regard to choosing parameters in the design of an experiment, the mould 

temperature well above the endpoint of melting point was found to be practically 

hard to produce. All models missed this point at alpha level. This has a small 

impact on the current models but for future research, it is ideal to include all 

points, especially the axial ones. Extreme values or outliers should not be 

included in this study as this might affect regression analysis. This could be done 
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either by redefining the points or choosing another design in DoE. A face-centred 

central composite design might be a good alternative in this case which will avoid 

1.68 points (alpha points will be on the face of the cube).  

It is also advised to increase sample size as small sample sizes might produce 

misleading results. Sample size should be around 40 to get more reliable results. 

As for response optimisation, it is always a good practice to run some 

confirmatory runs before claiming that certain setting is optimum for the 

experiment. The last step of any DoE is to take the recommended settings and 

run some verification runs.  

Finally, the next step for this study is to include the drug of choice. The system 

studied has no drug for the sake of understanding the binary system before 

adding another layer of complexity. The candidate drug to be included in the 

polymeric pharmaceutical dosage form should be investigated in terms of thermal 

stability, miscibility, safety, solubility and route of administration. Once the 

candidate drug is chosen, drug release shall be optimised to satisfy the needs of 

the intended drug delivery regime. List of drugs studied in PEO-based systems 

is listed in Appendix H. 
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and Aguilar-Martínez, J.A. (2013) Effect of molding parameters on young’s 
modulus of an injection molded low-density polyethylene (LDPE). Industrial 
and Engineering Chemistry Research 52 (16), 5666–5671. 

Lodge, T.P. and Poul C. Hiemenz (2007) Introduction to Chain Molecules. 
Polymer chemistry Second edi Edition. CRC press. 1–42. 

Luker, K. in D DOUROUMIS (editor), (2012) Single-screw extrusion: principles. 
Hot-melt extrusion: pharmaceutical applications john Wiley & Sons. 1–22. 

Madorsicy, S.L. and Straus, S. (1959) Thermal degradation of polyethylene 
oxide and polypropylene oxide. Journal of Polymer Science 36 (130), 183–
194. 

Mezger, T.G. in TG Mezger (editor), (2015a) Amplitude sweeps. Applied 
Rheology First Edition. 101–112. 

Mezger, T.G. (2015b) Frequency Sweep. Applied Rheology Anton Paar GmbH. 
113–122. 

Mezger, Thomas G. (2014a) Measuring systems. The Rheology Handbook: For 
Users of Rotational and Oscillatory Rheometers Fourth Edition. Vincentz 
Network. 233–290. 

Mezger, Thomas G. (2014b) Oscillatory tests. The Rheology Handbook: For 
Users of Rotational and Oscillatory Rheometers Fourth Edition. Vincentz 
Network. 135–212. 

Mezger, T G (2014a) Rotational Tests. The Rheology Handbook: For Users of 
Rotational and Oscillatory Rheometers Fourth Edition. Vincentz Network. 
29–73. 

Mezger, T G (2014b) Viscoelastic Behaviour. The Rheology Handbook: For 
Users of Rotational and Oscillatory Rheometers Fourth Edition. Vincentz 



245 
 

Network. 97–108. 

Mididoddi, P.K. and Repka, M.A. (2007) Characterization of hot-melt extruded 
drug delivery systems for onychomycosis. 66, 95–105. 

Monasse, B. (1995) Nucleation and anisotropic crystalline growth of 
polyethylene under shear. Journal of Materials Science 30 (19), 5002–
5012. 

Mullin, J, W. (2002) Crystallisation. Organic Process Research & Development 
6, 201–202. 

Mykhaylyk, O.O., Chambon, P., Impradice, C., Fairclough, J.P. a, Terrill, N.J. 
and Ryan, A.J. (2010) Control of structural morphology in shear-induced 
crystallization of polymers. Macromolecules 43, 2389–2405. 

Ozawa, T. (2000) Thermal analysis Ð review and prospect. 355 (July 1999), 
35–42. 

Ozeki, T., Yuasa, H. and Kanaya, Y. (1999) Control of medicine release from 
solid dispersion composed of the poly(ethylene oxide)-carboxyvinylpolymer 
interpolymer complex by varying molecular weight of poly(ethylene oxide). 
Journal of controlled release : official journal of the Controlled Release 
Society 58 (1), 87–95. 

Pajander, J., Rensonnet, A., Hietala, S., Rantanen, J. and Baldursdottir, S. 
(2017) The evaluation of physical properties of injection molded systems 
based on poly(ethylene oxide) (PEO). International Journal of 
Pharmaceutics 518 (1–2), Elsevier B.V.203–212. 

Panna, W., Wyszomirski, P. and Kohut, P. (2016) Application of hot-stage 
microscopy to evaluating sample morphology changes on heating. Journal 
of Thermal Analysis and Calorimetry 125 (3), Springer Netherlands1053–
1059. 

Pennings, A.J. and Kiel, A.M. (1965) Fractionation of polymers by crystallization 
from solution, III. On the morphology of fibrillar polyethylene crystals grown 
in solution. Kolloid-Zeitschrift & Zeitschrift f??r Polymere 205 (2), 160–162. 

Philip, B., Singh, H. and Pathak, K. (2012) Preparation, characterization and 
pharmacodynamic evaluation of fused dispersions of Simvastatin using 
PEO-PPO block copolymer. Iranian Journal of Pharmaceutical Research 
11 (2), 433–445. 

Pielichowski, K. and Flejtuch, K. (2003) Differential Scanning Calorimetry 
Studies on Poly (ethylene Glycol ) with Different Molecular Weights for 
Thermal Energy Storage Materials. POLYMERS FOR ADVANCED 
TECHNOLOGIES 13 (November 2001), 690–696. 

Pittarate, C., Yoovidhya, T., Srichumpuang, W., Intasanta, N. and 
Wongsasulak, S. (2011) Effects of poly(ethylene oxide) and ZnO 
nanoparticles on the morphology, tensile and thermal properties of 
cellulose acetate nanocomposite fibrous film. Polymer Journal 43 (12), 
978–986. 

Plate, N.A. and Papisov, I.M. (1988) A classification of linear single-strand 



246 
 

polymers. Polymer Science U.S.S.R. 30 (12), 2806–2815. 

Podczeck, F. in J Swarbrick (editor), (2006) Rheology of Pharmaceutical 
Systems. Encyclopedia of Pharmaceutical Technology, Third Edition Third 
Edit Edition. Informa Healthcare. 3128–3146. 

Prodduturi, S., Manek, R. V., Kolling, W.M., Stodghill, S.P. and Repka, M.A. 
(2004) Water vapor sorption of hot-melt extruded hydroxypropyl cellulose 
films: Effect on physico-mechanical properties, release characteristics, and 
stability. Journal of Pharmaceutical Sciences 93 (12), 3047–3056. 

Qiu, Y. (2010) Understanding Drug Properties in Formulation and Process 
Design of Solid Oral Products. . 

Qiu, Y. and Park, K. (2001) Environment-sensitive hydrogels for drug delivery. 
Advanced Drug Delivery Reviews 53, 321–339. 

Qiu, Z., Ikehara, T. and Nishi, T. (2003) Miscibility and crystallization in 
crystalline / crystalline blends of poly ( butylene succinate )/ poly ( ethylene 
oxide ). The International Journal for the Science and Technology of 
Polymers 44, 2799–2806. 

Quinten, T. (2010) Evaluation Of Injection Molding As A Pharmaceutical 
Production Technology For Sustained-Release Matrix Tablets. Ghent 
University. 

Quinten, T., De Beer, T., Almeida, A., Vlassenbroeck, J., Van Hoorebeke, L., 
Remon, J.P. and Vervaet, C. (2011) Development and evaluation of 
injection-molded sustained-release tablets containing ethylcellulose and 
polyethylene oxide. Drug Development and Industrial Pharmacy 37 (2), 
149–159. 

Quinten, T., Beer, T., Vervaet, C. and Remon, J. (2009) Evaluation of injection 
moulding as a pharmaceutical technology to produce matrix tablets. 
European Journal of Pharmaceutics and Biopharmaceutics 71 (1), 145–
154. 

Raimo, M., Cascone, E. and Martuscelli, E. (2001) Melt crystallisation of 
polymer materials: The role of the thermal conductivity and its influence on 
the microstructure. Journal of Materials Science 36 (15), 3591–3598. 

Rastogi, S. (2008) Role of metastable phases in polymer crystallisation; early 
stages of crystal growth. Polymer Crystallization: Obervations, Concepts 
and Interpretations 17–48. 

Ravivarapu, H.B., Moyer, K.L. and Dunn, R.L. (2000) Sustained activity and 
release of leuprolide acetate from an in situ forming polymeric implant. 
AAPS PharmSciTech 1 (1), . 

Rodriguez-Hornedo, Kelly, R.C., Sinclair, B.D. and Miller, J.M. (2006) 
Crystallization: General Principles and Significance on Product 
Development. Encyclopedia of Pharmaceutical Technology Third Edit 
Edition. Informa Healthcare834–857. 
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8 Appendices  

Appendix A 

Comparison between two forms of PEO20K; flake form (original 

form) and ground form. 

 

 

Figure 8-1 DSC thermogram for PEO20K original flake form (green) and ground form 
(blue) at heating rate 10 ˚C/min. (Exothermic event is up) 
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Appendix B  

Comparison between first run and last run of frequency sweep 

for various grades of PEO; 20K, 200K and 2M 

 

 

Figure 8-2 Comparison between first and last run of frequency sweep of PEO20K at 1 % 
strain and 140 ˚C  
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Figure 8-3 Comparison between first and last run of frequency sweep of PEO200K at 1 % 
strain and 140 ˚C 
 

 

Figure 8-4 Comparison between first and last run of frequency sweep of PEO2M at 1 % 
strain and 140 ˚C 

1000

10000

100000

1,000

10,000

100,000

1,000,000

0.10 1.00 10.00 100.00

C
o

m
p

le
x 

vi
sc

o
si

ty
 (

P
a.

s)

St
o

ra
ge

 a
n

d
 lo

ss
 m

o
d

u
li 

(P
a)

Angular frequency (rad/s)

Gʹ (first run) Gʺ (first run) Gʹ (last run)

Gʺ (last run) Complex Viscosity (first run) Complex Viscosity (last run)

1,000

10,000

100,000

1,000

10,000

100,000

1,000,000

0.10 1.00 10.00 100.00

C
o

m
p

le
x 

vi
sc

o
si

ty
 (

P
a.

s)

St
o

ra
ge

 a
n

d
 lo

ss
 m

o
d

u
li 

(P
a)

Angular frequency (rad/s)

Gʹ (first run) Gʺ (first run)

Gʹ (last run) Gʺ (last run)



252 
 

Appendix C  

Thermal analysis of pure and binary blends of PEO 20K, 200K 

and 2M at various cooling rates 

Table 8-1 Thermal analysis of pure and binary blends of PEO 20K, 200K and 2M. DSC 
regime: heat – cool – heat. Heating rate is 10 ˚C/min and cooling rate is 10 ˚C/min 

No PEOL (%) 

1st melting 

transition 

2nd melting 

transition 
crystallisation transition 

Tm1 

(°C) 

Enthalpy 

(J/g) 

Tm2 

(°C) 

Enthalpy 

(J/g) 

Tc1 

(°C) 

Tc2 

(°C) 

Enthalpy 

(J/g) 

1 20K pure  64.9 175.5 64.3  169.7  49.9  45.7  166.8 

2 200K pure 67.2 177.4 63.9  134.7  50.0  45.4  130.7  

3 2M pure 70.6 170.0 66.4  120.6 51.4  48.1  113.6 

4 20K/200K 99% 64.5 174.6 63.7 168.8 49.8 46 166.2 

5 20K/200K 98% 64.4 175.3 63.8 169.6 49.8 46.3 166.2 

6 20K/200K 95% 64.4 179.7 63.9 170.9 50 46.1 167.2 

7 20K/200K 90% 64 172.9 64.8 155.9 48.4 42.4 151.2 

8 20K/2M 99% 64.7 179.3 63.9 171.6 49.5 45.3 169.0 

9 20K/2M 98% 64.3 177.1 63.7 170.6 49.9 45.4 168.2 

10 20K/2M 95% 64.6 178.9 63.8 170.4 50.2 46.4 168.8 

11 20K/2M 90% 64.3 180.4 63.7 170.3 50.6 47.4 166.7 

12 200K/2M 99% 66.9 180.6 63.4 135.4 49.3 43.9 131.0 

13 200K/2M 98% 66.6 181.4 63.3 134.2 49.5  44.4 132.2 

14 200K/2M 95% 66.6 182.5 63.3 136.4 49.8  45.1 133.0 

15 200K/2M 90% 66.7 181.5 63.4 135.5 50.3  45.3 134.7 
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Table 8-2 Thermal analysis of pure and binary blends of PEO 20K, 200K and 2M. DSC 
regime: heat – cool – heat. Heating rate is 10 ˚C/min and cooling rate is 5 ˚C/min 

No PEOL (%) 

1st melting 
transition 

2nd melting 
transition 

crystallisation 
transition 

Tm1 
(°C) 

Enthalpy 
(J/g) 

Tm2 
(°C) 

Enthalpy 
(J/g) 

Tc1 
(°C) 

Tc2 

(°C) 
Enthalpy 

(J/g) 

1 20K pure 64.8 174 NA NA 50.5 45.3  165.9 

2 200K pure 67 180.6 NA NA 50.3  45.6  129.6  

3 2M pure 69.9  174.9 NA NA 52.7  50.0  105.8  

4 20K/200K 99% 63.9 176.7 64.2 168.2 49.9 45.9 163.4 

5 20K/200K 98% 63.8 177.2 63.8 169.8 49.9 45.5 167.5 

6 20K/200K 95% 63.7 173.1 64.4 166.3 49.98 45.7 161.6 

7 20K/200K 90% 65.5 174 64.4 161.6 50.3 45.7 147.7 

8 20K/2M 99% 64.2 171.99 64.3 166.7 50.9 46.8 155.8 

9 20K/2M 98% 64.7 166.3 64.3 155.7 50 45.3 154.7 

10 20K/2M 95% 64.0 174.7 64.3 168.9 50.98 46.9 120.7 

11 20K/2M 90% 66.4 169.3 63.9 159.2 49.8 45.9 148.8 

12 200K/2M 99% 67.1 176.7 63.8 132 49.1 44.6 100.4 

13 200K/2M 98% 67.3 174.7 64.4 136.9 49.6 45.6 131.4 

14 200K/2M 95% 66.9 177.3 63.9 135.3 50.1 46.4 109.9 

15 200K/2M 90% 68.2 180.7 63.9 136.8 49.2 44.2 117.4 
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Table 8-3 Thermal analysis of pure and binary blends of PEO 20K, 200K and 2M. DSC 
regime: heat – cool – heat. Heating rate is 10 ˚C/min and cooling rate is 2 ˚C/min 

No PEOL (%) 

1st melting 
transition 

2nd melting 
transition 

crystallisation transition 

Tm1 (°C) 
Enthalpy 

(J/g) 
Tm2 (°C) 

Enthalpy 
(J/g) 

Tc1 (°C) 
Tc2 
(°C) 

Enthalpy 
(J/g) 

1 20K pure 
64.3 ± 

1.4 
173.3 ± 

0.7 
65.0 ± 

0.1 
170.2 ± 

1.9 
51.9 ± 

0.4 
47.8  
± 0.1 

167.0 ± 
3.4 

2 200K pure 
67.4 ± 

0.1 
179.4 ± 

1.1 
64.1 ± 

0.2 
138.3 ± 

1.4 
50.7 ± 

0.5 
46.1 
± 0.6 

126.6 ± 
6.6 

3 2M pure 
71.0 ± 

0.7 
170.0 ± 

8.0 
67.3 ± 

0.6 
122.2 ± 

8.7 
53.4 ± 

0.1 
49.6 
± 0.2 

108.0 ± 
7.5 

4 
20K/200K 

99% 
63.7 ± 

0.1 
177.5 ± 

2.7 
64.7 ± 

0.1 
172.8 ± 

0.5 
51.5 ± 

0.2 
47.8 
± 1.0 

169.8 ± 
0.0 

5 
20K/200K 

98% 
63.6 ± 

0.4 
179.1 ± 

1.8 
64.7 ± 

0.9 
174.5 ± 

6.2 
51.6 ± 

0.1 
47.5 
± 0.7 

172.1 ± 
5.9 

6 
20K/200K 

95% 
64.0 ± 

0.0 
180.6 ± 

1.7 
64.9 ± 

0.0 
175.6 ± 

2.3 
52.0 ± 

0.0 
48.6 
± 0.6 

173.5 ± 
2.0 

7 
20K/200K 

92% 
65.2 ± 

0.3 
187.3 ± 

0.9 
63.9 ± 

0.0 
176.4 ± 

0.2 
51.5 ± 

0.2 
48.3 
± 0.4 

163.1 ± 
3.1 

8 
20K/200K 

90% 
64.8 ± 

0.2 
176.6 ± 

0.5 
64.9 ± 

0.1 
170.2 ± 

3.9 
51.7 ± 

0.3 
48.0 
± 0.4 

165.9 ± 
7.4 

9 
20K/2M 

99% 
63.8 ± 

0.1 
176.4 ± 

5.8 
64.5 ± 

0.2 
172.1 ± 

4.6 
52.0 ± 

0.5 
47.9 
± 1.0 

168.7 ± 
6.2 

10 
20K/2M 

98% 
64.1 ± 

0.4 
175.1 ± 

8.0 
65.1 ± 

0.3 
170.6 ± 

5.0 
51.8 ± 

0.2 
48.0 
± 0.5 

166.9 ± 
4.0 

11 
20K/2M 

95% 
64.2 ± 

0.4 
178.7 ± 

1.8 
65.0 ± 

0.5 
175.1 ± 

6.1 
52.6 ± 

0.2 
49.1 
± 0.1 

172.0 ± 
5.0 

12 
20K/2M 

92% 
65.0 ± 

0.2 
188.5 ± 

3.2 
64.4 ± 

0.3 
181.6 ± 

1.5 
52.1 ± 

0.1 
49.1 
± 0.3 

178.8 ± 
1.4 
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13 
20K/2M 

90% 
64.8 ± 

0.9 
176.1 ± 

1.2 
64.3 ± 

0.0 
169.5 ± 

4.5 
52.0 ± 

0.2 
48.4 
± 0.4 

165.6 ± 
5.6 

14 
200K/2M 

99% 
67.4 ± 

0.4 
174.2 ± 

3.4 
64.4 ± 

0.8 
136.4 ± 

2.5 
50.6 ± 

0.6 
46.7 
± 1.1 

124.2 ± 
8 

15 
200K/2M 

98% 
67.0 ± 

0.3 
176.2 ± 

3.0 
64.4 ± 

0.1 
139.9 ± 

4.8 
51.1 ± 

0.2 
47.3 
± 0.3 

131.2 ± 
7.8 

16 
200K/2M 

95% 
67.5 ± 

0.3 
178.4 ± 

4.1 
64.5 ± 

0.1 
141.5 ± 

1.2 
51.5 ± 

0.1 
48.1 
± 0.1 

126.8 ± 
1.4 

17 
200K/2M 

92% 
67.4 ± 

0.3 
183.0 ± 

0.9 
64.5 ± 

0.2 
143.6 ± 

1.6 
51.5 ± 

0.1 
48.4 
± 0.1 

127.3 ± 
6.0 

18 
200K/2M 

90% 
67.4 ± 

0.2 
177.9 ± 

1.4 
64.3 ± 

0.1 
141.8 ± 

1.6 
51.5 ± 

0.6 
47.7 
± 0.6 

127.6 ± 
2.1 
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Table 8-4 Thermal analysis of pure and binary blends of PEO 20K, 200K and 2M. DSC 
regime: heat – cool – heat. Heating rate is 10 ˚C/min and cooling rate is 1 ˚C/min 

No PEOL (%) 

1st melting 
transition 

2nd melting 
transition 

crystallisation 
transition 

Tm1 
(°C) 

Enthalpy 
(J/g) 

Tm2 
(°C) 

Enthalpy 
(J/g) 

Tc1 
(°C) 

Tc2 
(°C) 

Enthalpy 
(J/g) 

1 20K pure 64.1  181.5  NA NA 53.1  49.6  179.8 

2 200K pure 66.4 183.8  NA NA 51.9 47.7  136.3  

3 2M pure 69.7  175.7  NA NA 54.6  52.4  106.5  

4 20K/200K 99% 63.4 178.8 64.7 179.2 52.8 49.5 177 

5 20K/200K 98% 63.2 180.4 64.1 180.6 52.3 48.4 177.5 

6 20K/200K 95% 64.3 175.3 65.1 176.8 52.8 49.3 172.4 

7 20K/200K 90% 65.1 178.4 64.7 174.3 52.7 48.9 170.3 

8 20K/2M 99% 63.8 175.3 64.5 174.5 51.6 49.2 168.5 

9 20K/2M 98% 64.8 166.9 64.8 166.5 52.7 49.2 159.2 

10 20K/2M 95% 64.2 173.1 64.9 174.7 53.1 50.4 167.9 

11 20K/2M 90% 66.1 175.3 65.1 171.7 52.8 49.4 166.6 

12 200K/2M 99% 67.3 180.1 64.2 140 51.6 47.7 125.9 

13 200K/2M 98% 67.1 178.8 64.8 140.9 52.3 48.5 132.5 

14 200K/2M 95% 67 178.9 64.5 144.5 52.3 48.9 136.2 

15 200K/2M 90% 67.8 173.4 
64.9

9 
142 52.9 49.7 133.1 
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Appendix D  

Peak crystallisation temperatures for pure and binary blends of PEO20K, 

PEO200K and PEO2M at cooling rates 10, 5, 2 and 1 ˚C/min. 

 

Figure 8-5 Peak crystallisation temperature (Tc2) for pure and binary blends of PEO at 
cooling rate 10 ˚C/min and various PEOL% using DSC 

 

Figure 8-6 Peak crystallisation temperature (Tc2) for pure and binary blends of PEO at 
cooling rate 5 ˚C/min and various PEOL% using DSC 
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Figure 8-7 Peak crystallisation temperature (Tc2) for pure and binary blends of PEO at 
cooling rate 2 ˚C/min and various PEOL% using DSC 

 

 

Figure 8-8 Peak crystallisation temperature (Tc2) for pure and binary blends of PEO at 
cooling rate 1 ˚C/min and various PEOL% using DSC 
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Appendix E  

Visual observations of binary blends injection moulded caplets of 

PEO 20K, 200K and 2M  

 

A- PEO20K-200K: 

 
PEOL  
(%) 

Injection speed 
(mm/s) 

Temp  
(°C) 

Visual observations 

Flashing Voids Filling 

1 92% 70 29.1 Major Small ˃ 90 % 

2 98% 70 26.5 None Small ˃ 90 % 

3 92% 230 29.1 Minor Small ˃ 90 % 

4 98% 230 26.5 None Small ˃ 90 % 

5 92% 70 74.3 None Large 50 % 

6 98% 70 76 None Small 75% 

7 92% 230 74.3 None Large 50 % 

8 98% 230 76 None Large 75% 

9 90% 150 52 Major Large 50% 

10 100% 150 52 Minor Large 50 % 

11 95% 15 52 Minor Large 75% 

12 95% 285 52 Minor Small 75% 

13 95% 150 13 Minor Small ˃ 90 % 

14 95 150 90.5 NA NA NA 

15 95% 150 52 Major Large 50 % 

16 95% 150 52 Major Large 50 % 

17 95% 150 52 Major Large 50 % 

 

  



260 
 

B- PEO20K-2M 

 

 
PEOL  
(%) 

Injection speed 
(mm/s) 

Temp  
(°C) 

Visual observations 

Flashing Voids Filling 

1 92% 70 28 Minor Small 75 % 

2 98% 70 24 Minor Small ˃ 90 % 

3 92% 230 28 Minor Small 90 % 

4 98% 230 24 Minor Small ˃ 90 % 

5 92% 70 78 None Large 75 % 

6 98% 70 76 Minor Small ˃ 90 % 

7 92% 230 78 Major Large 75 % 

8 98% 230 76 Major Small ˃ 90 % 

9 90% 150 52.8 Major Large 50% 

10 100% 150 52 Minor Large 75 % 

11 95% 15 52.5 Major Large 50% 

12 95% 285 52.5 Major Large 75 % 

13 95% 150 14 Minor Small ˃ 90 % 

14 95 150 91  NA NA NA 

15 95% 150 52.5 Major Large 50% 

16 95% 150 52.5 Major Large 50% 

17 95% 150 52.5 Major Large 50% 
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C- PEO200K-2M 

 

 
PEOL  
(%) 

Injection speed 
(mm/s) 

Temp  
(°C) 

Visual observations 

Flashing Voids Filling 

1 92% 70 34 None None Full 

2 98% 70 35 None None Full 

3 92% 230 34 None None Full 

4 98% 230 35 None None Full 

5 92% 70 74 Minor Small ˃ 90 % 

6 98% 70 75 Minor Small ˃ 90 % 

7 92% 230 74 Minor Small ˃ 90 % 

8 98% 230 75 Minor Small ˃ 90 % 

9 90% 150 54 Minor Small ˃ 90 % 

10 100% 150 55 Minor Small ˃ 90 % 

11 95% 15 54 Minor Small ˃ 90 % 

12 95% 285 54 Minor Small ˃ 90 % 

13 95% 150 15 None None Full 

14 95 150 93  NA NA NA 

15 95% 150 54 Minor Small ˃ 90 % 

16 95% 150 54 Minor Small ˃ 90 % 

17 95% 150 54 Minor Small ˃ 90 % 
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Appendix F 

Morphological analysis of PEO20K-200K binary blends caplets using scanning electron microscope (SEM). Each line represents one 

sample under the following conditions (PEOL%, injection speed and mould temperature): from top to bottom; (95%, 150, 13), (92%, 

70, 29.1), (90%, 150, 52) and (92%, 70, 74.3).  
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Appendix G 

Thermal analysis of raw powder pure and binary blends of PEO 

20K, 200K and 2M 

Tm2 is measured at the maximum peak temperature of the melting event 

Tc1 is measured by the manual 5% deviation method in the crystallisation event  

Tc2 is measured at the maximum peak temperature of the crystallisation event 

The average is taken from two runs 

The regime used is heat-cool-heat at heating rate 10 °C/min and cooling rate 2 

°C/min



264 
 

 

Table 8-5 Thermal analysis of raw powder pure and binary blends of PEO 20K, 200K and 2M at cooling rate 2 ˚C/min 

No PEOL (%) 

1st melting transition 2nd melting transition crystallisation transition 

Tm2 (°C) Enthalpy (J/g) Tm2 (°C) Enthalpy (J/g) Tc1 (°C) Tc2 (°C) Enthalpy (J/g) 

Ave SD Ave SD Ave SD Ave SD Ave SD Ave SD Ave SD 

1 20K pure 64.3 1.4 173.3 0.7 65.0 0.1 170.2 1.9 51.9 0.4 47.8 0.1 167.0 3.4 

2 200K pure 67.4 0.1 179.4 1.1 64.1 0.2 138.3 1.4 50.7 0.5 46.1 0.6 126.6 6.6 

3 2M pure 71.0 0.7 170.0 8.0 67.3 0.6 122.2 8.7 53.4 0.1 49.6 0.2 108.0 7.5 

4 20K/200K 99% 63.7 0.1 177.5 2.7 64.7 0.1 172.8 0.5 51.5 0.2 47.8 1.0 169.8 0.0 

5 20K/200K 98% 63.6 0.4 179.1 1.8 64.7 0.9 174.5 6.2 51.6 0.1 47.5 0.7 172.1 5.9 

6 20K/200K 95% 64.0 0.0 180.6 1.7 64.9 0.0 175.6 2.3 52.0 0.0 48.6 0.6 173.5 2.0 

7 20K/200K 92% 65.2 0.3 187.3 0.9 63.9 0.0 176.4 0.2 51.5 0.2 48.3 0.4 163.1 3.1 

8 20K/200K 90% 64.8 0.2 176.6 0.5 64.9 0.1 170.2 3.9 51.7 0.3 48.0 0.4 165.9 7.4 

9 20K/2M 99% 63.8 0.1 176.4 5.8 64.5 0.2 172.1 4.6 52.0 0.5 47.9 1.0 168.7 6.2 

10 20K/2M 98% 64.1 0.4 175.1 8.0 65.1 0.3 170.6 5.0 51.8 0.2 48.0 0.5 166.9 4.0 

11 20K/2M 95% 64.2 0.4 178.7 1.8 65.0 0.5 175.1 6.1 52.6 0.2 49.1 0.1 172.0 5.0 

12 20K/2M 92% 65.0 0.2 188.5 3.2 64.4 0.3 181.6 1.5 52.1 0.1 49.1 0.3 178.8 1.4 

13 20K/2M 90% 64.8 0.9 176.1 1.2 64.3 0.0 169.5 4.5 52.0 0.2 48.4 0.4 165.6 5.6 

14 200K/2M 99% 67.4 0.4 174.2 3.4 64.4 0.8 136.4 2.5 50.6 0.6 46.7 1.1 124.2 8.0 

15 200K/2M 98% 67.0 0.3 176.2 3.0 64.4 0.1 139.9 4.8 51.1 0.2 47.3 0.3 131.2 7.8 

16 200K/2M 95% 67.5 0.3 178.4 4.1 64.5 0.1 141.5 1.2 51.5 0.1 48.1 0.1 126.8 1.4 

17 200K/2M 92% 67.4 0.3 183.0 0.9 64.5 0.2 143.6 1.6 51.5 0.1 48.4 0.1 127.3 6.0 

18 200K/2M 90% 67.4 0.2 177.9 1.4 64.3 0.1 141.8 1.6 51.5 0.6 47.7 0.6 127.6 2.1 
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Appendix H 

Exploring PEO-drug formulation study in the literature 

 Drug PEO grade Material Results (brief) Reference 

1 Etofylline 
600K, 4M 

and blends 

PEO and drug powders were dried, 
mixed in the desired proportions, 
dissolved in chloroform then the 
solution is stirred well. Films are 

obtained by casting and then dried. 
Film layers were compression 

moulded (75C) to form sheets then 
circular tablets were cut 

Drug release tests: investigate the release kinetics of 
the different systems in an aqueous environment at 
37°C. The drug release from the high MW of PEO is 
related to the material swelling while drug release 

from the low MW PEO is strictly related to the 
polymer dissolution mechanism. 

PEO and different 
molecular weight 

PEO blends 
monolithic devices 
for drug release, A. 

Apicella 1993 

2 

Theophylline 
anhydrous 
Diltiazem 

hydrochloride 

Polyox-WSR 
NF: 900K, 
2M and 4M 

The ingredients (PEO, drug, and 
magnesium stearate) were mixed 
and then tableted using a single 

punch tablet machine 

Drug release from high MW PEO tablets (2M & 4M) 
is governed by the swelling of the polymer 

(anomalous release kinetics) while from the low MW 
(900K) is controlled by the swelling/erosion of the 
polymer (constant release rate). Drug loading and 
drug solubility do not influence the release of drugs 
from low MW PEO tablets. The pH of the dissolution 
medium and the stirring rate do not affect the drug 

release regardless of the MW of the PEO 

Drug Release from 
Compressed 
Hydrophilic 

POLYOX-WSR 
Tablets, CHERNG-

JU 
KIM 1994 

3 

Carvedilol 
sparingly soluble 
in water, limited 

bioavailability after 
oral administration 

Polyox 
WSR: 205 
(600K Da); 

301 (4M Da) 

Buccal delivery of the poorly soluble 
drug based on PEO as bioadhesive 

sustained-release platform and 
hydroxypropyl-B-cyclodextrin as 

modulator of drug release. 
Tablets were prepared by direct 

compression 

Incorporation of CD in a PEO-based matrix of poorly 
soluble drugs can be a suitable strategy to optimize 
the release of the system while maintaining good 
bioadhesive properties. CD is responsible for an 
increase in the erosion rate of the tablet and an 

improved dissolution of the drug inside the polymeric 
matrix. 

Cyclodextrin-
containing PEO 
tablets for the 

delivery of poorly 
soluble drugs: 

Potential as buccal 
delivery system, 

Brunella Cappello 
2006 
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4 

Theophylline 
anhydrous, 

Salicylic acid, 
Sulfapyridine, 

Diclofenac Na & 
sulfathiazole 

Polyox-WSR 
NF 900K, 

2M and 4M 

Directly compressed tablets 
consisting of PEO (3 MWs) and 
drugs (solubility range: 290 to 25,000 
mg/l) were formulated with or without 
a water-soluble excipient (lactose) 

For highly water-soluble drugs: drug diffusion is the 
rate-controlling step for all the PEOs investigated 
whereas for poorly water-soluble drugs the 
swelling/erosion process of the polymers is the 
dominating mechanism for PEOs 900K and 2M 
(zero-order kinetics). For PEO 4M, drug release is 
governed by drug dissolution for poorly water-soluble 
drugs.  

Effects of Drug 
Solubility, Drug 
Loading, and 

Polymer Molecular 
Weight on Drug 
Release from 

Polyox® Tablets, 
Cherng-Ju Kima 

1998 

5 

Naproxen 
poorly soluble 

drug 
aqueous solubility 

is 0.016 g/L 

POLYOX: N-
10 (100K), 

1105 (900K), 
303 (7M) 

Physical blends of drug (30 wt % 
PEO with 70 wt % drug) were added 
to gelatine capsules for dissolution 

testing (USP Type II dissolution 
apparatus at 37°C) 

Presence of PEO allowed the naproxen to achieve a 
higher solution concentration. 

Increasing MW of the PEO resulted in a slower drug- 
release rate while maintaining the higher maximum 

solution concentration. 

Formulation of a 
Model Poorly 

Soluble Drug with 
Low Molecular 

Weight Grades of 
PEO Demonstrates 
Improved Aqueous 

Solubility, Nick 
Grasman 2009 

6 

Gliclazide 
(water insoluble) 
Metformin HCl 

(freely water 
soluble) 

Polyox WSR 
NF: 

N-1105 
(900K) 

301 (4M) 

Two ER tablets: gliclazide/metformin 
HCl, PEO (matrix former), MCC 

(filler), fumed silica (flow aid), and Mg 
stearate (lubricant). Tablet press: 10-

station rotary tablet press 

Extended-release PEO tablets of the two drugs did 
not fail in hydro-alcoholic media (Small differences in 
drug release profiles).  
PEO matrices produces consistent drug release in 
water and in hydro-alcoholic media with no signs of a 
potential dose dumping 

The influence of 
hydro-alcoholic 
media on drug 
release from 

polyethylene oxide 
extended-release 

matrix tablets; 
Dasha Palmer 2011 

7 
diltiazem 

hydrochloride 
water-soluble drug 

Polyox 
WSRN: 

1105 (900K) 
301 (4M) 

 

Direct-compression tablets of the two 
formulations/two pure polymers using 

a single-punch tableting machine. 
lactose, magnesium stearate and 

colloidal silicon oxide are used in the 
formulations 

High MW PEO swells more and forms stronger gel 
(less liable to erosion), compared to low MW. This 

difference in the erosion explains the different 
efficiencies of the two polymeric products in 

modulating the delivery rate of the water-soluble 
drug.  

The presence of other soluble components (drug 

Dissolution 
behaviour of 

hydrophilic matrix 
tablets containing 

two different 
polyethylene oxides 

(PEOs) for the 
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and excipients) enhances the erosion trend of the 
tablets with a consequent reduction of the efficiency 

of the polymer in drug release control 

controlled release of 
a water-soluble 

drug. 
Dimensionality 
study; L. Maggi 

2002 

8 
Metoprolol 

tartrate  
(30%, w/w) 

PEG 6K, 
PEO Polyox 
WSR: N10 

(100K), N12 
K (1M) & 
303 (7M) 

Sustained-release dosage forms: 
Metoprolol tartrate (model drug), 

ethyl-cellulose, a hydrophilic 
component (PEG and PEO), xanthan 

gum and Dibutyl sebacate (as 
plasticizer for ethylcellulose) 

Increasing PEO conc yielded faster drug release 
(irrespective of MW), whereas the influence of MW 

depends on conc. 
The drug was homogeneously distributed in the mini 

matrices. 
Neither drug and polymer crystallinity nor drug 

homogeneity was influenced by the concentration 
and type of hydrophilic polymer 

Influence of 
PEG/PEO on the 

release 
characteristics of 
sustained-release 
ethylcellulose mini-
matrices produced 

by HME: in vitro and 
in vivo evaluations; 
E. Verhoeven 2009 

9 
Crystalline 

acetaminophen 
Tm= 170◦C 

PEO N10 
(100K 

g/mol), Tg 
∼−55◦C and 

Tm ∼60◦C 

The APAP–PEO mixture samples 
were prepared by HM mixing. After 

10 min of mixing, the melt was 
removed from the mixer and 

compression moulded into discs 
and bars. All samples were cooled 

down and then stored at room 
temperature 

The solubility of APAP in PEO at HME processing 
temperature was measured utilizing rheological 

analysis, HSM and DSC. 
The solubility increases from 14% at 80◦C to 41% at 

140◦C. 
The Tdissolution/Tg/Tm diagram can be referred to 

determine the optimal HME processing conditions 
and mixture composition 

Determination of 
acetaminophen’s 
solubility in poly 

(ethylene oxide) by 
rheological, thermal 

and microscopic 
methods; Min Yang 

2011 

10 
Acetaminophen 

Tm= 168◦C 

PEO 
(100K 

g/mol), Tg 
∼−67◦C 

Tm ∼65◦C 

The dynamic and steady viscosities 
of APAP– PEO mixture were 

determined using oscillatory and 
capillary rheometers 

At high shear rates, the mixtures show shear 
thinning behaviour and the viscosity becomes less 
sensitive to the drug loading. it is desirable to use a 

low shear rate in order to deduce the drug’s solubility 
in polymer from the viscosity data. Viscosity data at 

high shear rates are more representative of the 
materials’ rheological properties during extrusion 

Rheological study of 
the mixture of 

acetaminophen and 
polyethylene oxide 

for hot-melt 
extrusion 

application; Herman 
Suwardie 2011 
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11 

Acetaminophen 
Solubility 

14.90mg/g in 
water at 25◦C 

PEO N10 
(100K g/mol) 

Tg∼−54◦C 

Tm∼60◦C 

PEO, Nanoclays Cloisite® 15A and 

30B 

Higher drug loading leads to faster recrystallisation 
rate. Nanoclay Cloisite were added into the binary 

mixture which accelerates the drug’s recrystallisation 
rate and slows down the drug’s releasing rate (due 

to the decrease of wettability). Addition of nanoclays 
changes the drug’s release mechanism from erosion 

dominant to diffusion dominant. 

Solid dispersion of 
acetaminophen and 
PEO prepared by 

hot-melt mixing; Min 
Yang 2010 

12 
chlorpheniramine 

maleate (CPM) 
PEO 100K 

and PEO 1M 

CPM, PEO and antioxidant: Vitamin 
E, Vitamin E acetate, Vitamin E 

Succinate, ascorbic acid and Vitamin 
E TPGS 

Objectives: to investigate the thermal stability of 
PEO 1M in sustained release (CPM) tablets 

prepared by HME. Incorporation of Low MW PEO 
100K (plasticizer) reduced degradation of PEO 1M 
and did not alter the release rate of CPM. Chemical 

stability of PEO under accelerated storage 
conditions was determined 

Stability of 
polyethylene oxide 

in matrix tablets 
prepared by HME; 
Michael M 2002 

13 

phenacetin (PHE) 
solubility: 1.31 

mg/ml of water at 
37°C 

PEO: 2K, 
3K, 8.2K 
10.750K, 
20K, 35K, 

135K, 700K, 
4.5M 

Solid dispersions: PHE, PEO and CP 
The physicochemical properties of 

the solid dispersion are analysed by 
PXRD and thermal analysis. 

Interaction between PEO and CP 
was analysed by IR spectroscopy. 

The release profile of PHE varied depending on the 
MW of PEO. The amount of the PEO-CP complex 

formation by hydrogen bonding changed depending 
on the molecular weight of PEO. 

Control of medicine 
release from solid 

dispersion 
composed of the 

PEO - 
carboxyvinylpolymer 

interpolymer 
complex by 

varying molecular 
weight of PEO; 

Tetsuya Ozeki 1998 
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