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ABSTRACT 

To make accurate predictions of the force/deformation relationship in product and 
process design calculations of foods, the mechanical behaviour of the foods needs 

to be described through material models. The determination of the material 
properties of wheat flour dough remains a challenge, due to the complexity of the 

material as well as the difficulty in utilising existing, conventional test methods 

developed for metal and polymer materials. Therefore, the aim of the work in this 
thesis is to conduct a comprehensive research study, based on the measurement of 

the mechanical properties of wheat flour dough under different loading conditions 
as well as the investigation of the material behaviour during the extrusion process. 

For this purpose, the measurement of the true stress-strain relationship for dough 

under different loading conditions has been achieved through uniaxial 

compression, uniaxial tension, and biaxial tension tests. 	In the uniaxial 
compression test, analytical methods were pursued to study the friction effects 

between sample and loading platens. In the uniaxial tension test, various schemes 

to investigate the effect of the geometry as well as the weight of the sample on the 

stress-strain curves have been performed. Difficulties concerning the clamping / 

holding of the specimen have been resolved through a novel clamping method. In 
the biaxial inflation tests, in which a thin circular disc is inflated into a bubble 
where equi-biaxial deformation at the top of the bubble exists, it was shown that 

true stress-strain data are obtained only, when independent experimental 
measurements of bubble height, radius of curvature, strain deformation and the 

thickness at the top of the bubble are performed. To study the strain-dependent and 
time-dependent properties, a viscoelastic material model was calibrated with the 
above mechanical test data, as well as stress relaxation and loading-unloading test 

data. 

To provide a better understanding of the material behaviour during the extrusion 

process, a laboratory ram extrusion rig was designed and developed. Experimental 

factors such as extrusion rate, die geometry and surface friction effects on the 
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extrusion force were studied. Experimental forces / pressures were compared with 

analytical as well as numerical predictions and for both predictions reasonable 

agreements were observed. The numerical predictions were obtained with the use 

of the calibrated viscoelastic material model in Finite Element Analysis 

simulations. 
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CHAPTER 1 

1 INTRODUCTION 

Wheat flour dough is a complex mixture of flour constituents, water, salt and other 
ingredients. It is a principal intermediate stage in the transformation of wheat, 

through flour, into the final product as bread. A detailed understanding of the 

rheological properties of wheat flour dough is important for the baking industry for 

two main reasons. Firstly it provides information and methods to determine the 

material behaviour during mechanical production processes, such as mixing, 

extruding, rolling, and moulding. Secondly, it affects the baking performance and 
the quality of the finished product. By having a full knowledge of the material 

behaviour, the baking industry can control the dough properties by choosing the 

correct process method in order to produce bread that meets the specific quality 
requirements for its type. Characterising the rheological properties of dough and 

its behaviour during processing is becoming even more important as the integration 
of new technologies, such as mechanisation and automation in the food processing 

industry are more evident. 

For accurate predictions of processing and product characteristics, initially the 

rheological behaviour of the material is required and finally, it must be described 
through mathematical models. However, the determination of the theological 

properties of wheat flour dough remains a challenge due to the dependence of 

dough properties on many factors such as work input during mixing and 
composition, as well as the difficulty in utilising existing, conventional test 

methods developed for metal and polymer systems. 
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1.1 	Project Aims and Objectives 

The aim of this project is to conduct a study based on the investigation of the 
mechanical properties of wheat flour dough. Using these properties, a numerical 

model to predict the dough response on a small scale laboratory ram extruder is to 
be developed. In particular, the project is mainly concerned with the accurate 

measurements of the fundamental material properties. 

For this purpose, experimental methods will first be investigated for determining 

the true stress-strain data needed to define a constitutive law. Uniaxial 
compression, uniaxial tension, and biaxial tension tests will be performed. The 
latter involves the inflation of a thin circular disc into a bubble. It has been the 

subject of a great deal of research conducted at Imperial College with successful 

results and interesting conclusions regarding the compressibility of dough due to 

the air voids [Charalambides, et al. 2002]. This research has also highlighted the 
need for further investigation and specifically the need for a more accurate 

measurement of the thickness at the top of the bubble. 

In addition to the above tests, stress relaxation tests are also essential for accurate 

model prediction, such that the viscoelastic behaviour of dough is accounted for, 

i.e. exhibiting both elastic solid and viscous fluid characteristics. Loading-
unloading tests will also be investigated to reveal the nature of the deformation and 

the level of energy dissipation. From this test, the amount of nonlinearity of the 
unloading path, and the magnitude of any permanent time independent 

deformation, will provide information on the behaviour of the material. 

A laboratory ram extrusion rig will be designed and manufactured to investigate the 

effect of related experimental parameters and to provide a better understanding of 
the extrusion process. Experimental issues such as repeatability of the data, effect 

of extrusion rate, die pressure, die geometry and any surface imperfections forming 
on the extrudate will be investigated. Finally, numerical simulations and analytical 

predictions of the extrusion process will be performed to validate the experimental 
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extrusion data. The numerical model will also be useful for parametric 

investigations. Results of these studies will serve as the platform for future 

development in understanding the complex behaviour of dough during the 
extrusion process, such that the baking industries can utilise its information for 
production improvements. 

1.2 	Project Outline 

The thesis is divided into eight Chapters. Chapter 1 describes the aim and a brief 

introduction to the topic. Chapter 2 reviews the existing knowledge of dough 

rheology, and the methods used in obtaining these material parameters through 
mechanical tests. A brief review on the extrusion of soft solids is also presented. 

Chapter 3 contains the work on measuring the stress-strain relationship in uniaxial 
compression. Although the test is simple to perform, the accuracy of the 

measurement is affected by the presence of friction at the contact surfaces between 
the specimen and the compression platens. Various methods were attempted to 

extract the true stress-strain relationship as well as the interfacial friction conditions 

from the compression test data. Chapter 4 presents novel experimental techniques 
used in measuring the stress-strain relationship in uniaxial tension. New 

experimental methods were developed which ensured the elimination of the usual 
problems associated with gripping of the soft sample, effect of gravity and effect of 

material flow from within the clamped sample area. This ensured a uniform 

deformation along the sample gauge length. Chapter 5 discusses an alternative 
method in measuring the stress-strain relationship through biaxial tension (i.e. 

bubble inflation). The attraction of the biaxial tension is that, the complication of 
sample clamping that is associated with the unaxial tension test is non-existent. 

Material creeping from the clamped area and gravitational effects on the sample are 

eliminated due to minimum deformation occurring near the base of the bubble and 
the air used to inflate the bubble acts as a support of the sample respectively. An 

experimental procedure was followed for determining the biaxial stress-strain 

relationship. This included a new method for measuring the thickness at the top of 
the bubble. Chapter 6 presents the work in characterising the strain and time 

dependent behaviour for dough in which the non-linear mechanical behaviour and 
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the rate dependency of dough was described through a non-linear viscoelastic 

model. A method for calibrating the model constants from all the mechanical test 

results are pursued in this chapter. Chapter 7 discusses the work conducted on a 

specially built laboratory ram extrusion rig, where the effect of various 

experimental factors was investigated. Experimental extrusion pressures were 

compared with analytical as well as numerical simulations using the calibrated non-

linear viscoelastic material model in ABAQUS. Finally, Chapter 8 contains a 

summary of the conclusions drawn from all the work conducted in this thesis. 
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CHAPTER 2 

2 LITERATURE REVIEW 

2.1 Introduction 

The following chapter contains a review of the literature related to the subject of 

dough rheology. Specifically, various test methods that have been employed in 

order to assess the properties of dough are discussed. In addition, the extrusion of 

soft solids is also discussed. 

2.2 	Fundamental Aspects of Rheology 

The concepts and terminology that is fundamental to the science of rheology were 

outlined by Schofield and Scott Blair [1932]. Rheology is defined as the study of 

flow and deformation of matter. Deformation can be one of flow and hence 

involve the properties of viscosity, or it can be an elastic or plastic deformation. 

Deformation of materials results from the application of a force or a load. The S.I. 

unit of force is the Newton (N). Stress, the state of a body under the action of a 

force, is best defined as the force per unit area. If a force acts on a body or it is in a 

state of stress, it undergoes deformation such as extension or compression. A more 

useful term is relative deformation - the change in a dimension relative to the 

original dimension - or strain. 
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Deformation in liquids is called flow and since flow is a rate process it is best 

expressed as a rate of strain. The science of rheology attempts to provide equations 

giving mathematical relationships between stress and strain or rate of strain. The 

Viscosity of a fluid is that property which determines the resistance to motion when 

a shearing force is exerted on a fluid. 

Another basic property, which is important in the study of rheology, is elasticity. 

An elastic body is one that recovers its deformation entirely when the force that 

caused it is removed. This is a fundamental property of solids. 

2.3 	Composition of Wheat Flour Dough 

The primary components of the wheat flour are proteins, lipids, carbohydrates, 

water, and air. The proportions of these determine the microstructure of the dough, 

which in turn determines the texture, taste perception and stability of the final 

product. The quantity and quality of protein are important factors that determine 

the rheology of dough. Wheat flour dough contains the proteins gliadins and 

glutenins, which give gluten upon hydration. The cohesive strength of wheat flour 

dough mainly comes from the glutenin. The gliadins are known to reduce the 

stiffness and increase the extensibility of the gluten phase [Letang, et al. 1999] 

Bloksma [1972] performed empirical experiments on the Farinograph, and showed 

that with varying mixtures of protein content, the mixing times and extensibility 

(i.e. the deformation) increased with increasing protein content. The Farinograph 

is a dough-mixing unit, which enables variations in dough consistency over time to 

be observed and measured. 

Lipids are present in dough in small quantities, but they nevertheless have an effect 

on dough rheology. The results of creep tests on doughs from normal and defatted 

flour show that the removal of flour lipids decreases the compliance, whereas the 

addition of fat, either to normal or defatted flour, increases it [Bloksma 1972]. 

Water provides the lubricating medium for the starch, proteins and yeast to react. 
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Initially the water hydrates the flour and yeast: Bloksma [1971] estimated the 

amount of water bound to starch and proteins as one third of the dry flour weight. 

Air is present in dough in the form of occluded gas cells with diameters ranging 

between 10-100 i.un. The distribution and size of bubbles depends on the mixing 

process [Bloksma 1990]. Other ingredients such as emulsifiers, enzymes, raising 

agents and bran may also be added to dough, thus altering its properties. For 

example, the addition of emulsifiers serves to increase the dough strength and gas 

retention. 

2.4 	Rheology and Mechanical Properties of Wheat Flour Dough 

To fully appreciate dough rheology it is necessary to consider the material as 

viscoelastic [Rao, et al. 2001]. Most soft solid food materials show an intermediate 

behaviour between the ideal solid and the ideal liquid such that their properties are 

dependent on both the amount of deformation and the rate at which they are 

deformed. These materials are called either viscoelastic or viscoplastic materials. 

The ideal solid is one in which the stress is always proportional to the strain 

(Hookean), and the ideal liquid, is the one in which the shear stress is always 

proportional to the shear strain rate (Newtonian). Viscoelastic materials are 

commonly described with models such as the Voigt or Maxwell models (see Figure 

2.1a and b). These models consist of Hookean elastic springs and Newtonian 

dashpots arranged either in series or in parallel. The Hookean springs and the 

Newtonian dashpots represent the strain dependent and the time dependent 

behaviour respectively. Viscoplastic materials are fitted with models such as the 

Eyring and Bingham models. In these models, the strain and the strain rate effects 

are separated, which consists of a parallel unit composed of a dashpot with a slider 

together with a spring connected in series (see Figure 2.2). 
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(a) Voigt 	(b) Maxwell 
	

(c) Generalised Maxwell 

Figure 2.1 Examples of spring and dashpot models. 

Figure 2.2 Example of spring, dashpot and slider i.e. viscoplastic model. 

The first systematic attempts to determine the fundamental material properties for 

dough were made by Schofield and Scott Blair in the 1930's [1932, 1933a, 1933b, 

1937]. In one of their studies [1937], they placed samples of dough on a mercury 

bath and stretched them by means of a winch. The stress was then released and the 

dough was allowed to undergo elastic recovery. From their results i.e. extension 

against time curve, they deduced the recoverable and irrecoverable parts of the 

strain. The irrecoverable part of the strain was considered the viscous flow, and the 

recoverable part was the elastic deformation. Research carried out at a later date by 

Hibberd and Parker [1975] confirmed the viscoelastic nature of wheat flour dough. 

As mentioned above, most research work conducted on dough has assumed the 

material to be both a Newtonian liquid and a Hookean solid. However, this is a 

gross oversimplification. The viscoelastic behaviour of wheat flour dough is 

nonlinear. This was demonstrated by Schofield and Scott Blair [1932, 1933a„ 
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1933b, 1937]. This means that the ratios of stress/strain (apparent modulus) and 

stress/strain rate (apparent viscosity) are not constants but are functions of strain. 

2.5 	Mechanical Test Methods 

Several instruments have been used to study the theological properties of dough. 

These include the Brabender Farinograph, a modification of the Mixograph, the 

Brabender Extensograph, and the Alveograph [Steffe 1996]. All these test methods 

are empirical in nature. The parameters measured are poorly defined and the 

results cannot be described in terms of fundamental material properties; they are 

uniquely related to the particular equipment design and geometry and affected by 

size and shape of the test-piece. The attempts made by past researchers in 

developing test methodologies to evaluate fundamental material properties of 

wheat flour dough, and other soft solid materials will be discussed in this section. 

2.5.1 Uniaxial Compression Test 

The uniaxial compression test has been adopted in dough testing because it is 

simple to perform. It is closely connected to some processing stages, which 

involve a large amount of compressive deformation. The main problem with 

compression tests is the presence of friction at the sample-tool interface, which 

leads to an inhomogeneous stress distribution and invalidates the data. The friction 

restricts the ends of the sample from expanding, causing the material to bulge in the 

middle, which is known as 'barrelling'. Deformation of dough has been studied 

under lubricated conditions in uniaxial compression by Bagley, et al. [1990] and 

Sliwinski, et al. [1996]. They used Paraffin oil as a lubrication medium for 

eliminating friction such that true stress-strain data were obtained. 

Charalambides, et al. [2001] performed lubricated compression tests on cheese 

using Pat synthetic grease. They quantified the interfacial friction between the 

sample and the compression platens through experimental, analytical, and 

numerical schemes. The schemes allowed the true stress-strain relationship to be 

determined, in cases where a suitable lubricant to eliminate friction cannot be 
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found. The first scheme involves testing samples under unlubricated conditions 

with increasing heights until the difference between consecutive curves was 

negligible. The second scheme uses an iterative finite element analysis method. 

This method is more accurate but more time consuming. This highlighted that 

accuracy in experimental data is needed in order to determine a confident 

prediction for the coefficient of friction. 

2.5.2 Uniaxial Extension Test 

Due to the soft nature of wheat flour dough, the use of the uniaxial extension test to 

measure the fundamental material properties accurately is far more difficult than 

conventional engineering materials e.g. metals and plastics. The main problems 

with this test are the attachment of the dough to the loading clamps, the 

considerable deformation under the sample's own weight and the occurrence of 

viscous flow of the dough near the clamps. However, attempts to perform the 

uniaxial extension test have been carried out by Schofield and Scott Blair [1933a]. 

In order to prevent the sagging of the specimens due to gravity, Schofield and Scott 

Blair adopted a horizontal extension setup with the cylindrical dough specimens 

floating on a mercury bath. In 1970, Tschoegl, et al. [1970] described a method 

where they stretched dough rings, which were immersed in a liquid of matching 

density. However, it was possible that the liquid had affected the properties of the 

dough particularly on prolonged contact. More recently, Uthayakumaran, et al. 

[2002] pulled short, cylindrical specimens, which were adhered to a fixed and 

moving plate. The top moving plate was controlled using a computer where 

constant strain rate was maintained by exponentially increasing the speed. It was 

claimed that at strains above one, the shape of the elongating specimen could be 

approximated as a cylinder. For strains below one the shape of the specimen was 

non-uniform, and conformed to a distorted shape. The strain was calculated 

directly from the displacement of the plates. 

Polymer melts share the same characteristics as dough, since they are affected by 

gravity and creep at the clamps [Meissner and Hostettler 1994]. Schulze, et al. 

[2001] modified a commercially available Rheometric Scientific RME rig, which 
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contained four counter-rotating clamps moving at a constant speed to extend a 

specimen that was suspended over an air table. The length of the specimen 

remained constant, and the strain was calculated directly from monitoring the 

displacement of two marks placed on the specimen with the aid of a camera. To 

overcome the gravitational effects, Munstedt, et al. [1998] tested specimens by 

vertically pulling clamps that were placed in a bath of silicon oil which balanced 

the weight of the specimen as well as maintained the desired temperature. It is, 

however, evident that the measurement of elongation properties is a challenging 

task in the field of rheology. 

2.5.3 Biaxial Inflation Test 

An alternative to the uniaxial compression and tension tests is the biaxial inflation 

test. In this test, a sample in the shape of a thin disc is held in a clamp at its 

circumference and inflated to a spherical 'balloon' using pressurised air. At the top 

of the bubble, a state of equi-biaxial tension is achieved [Charalambides, et al. 

2002]. This method has long been used for the characterisation of synthetic 

polymers, especially rubbers and polymer melts by many researchers. Treloar 

[1944] showed a good approximation to biaxial extension near the pole of an 

expanding bubble of rubber. In his technique, a sheet of the material was clamped 

between two flat plates, one of which contained a circular aperture and the other a 

hole through which a controlled volume of air or liquid was pumped to inflate the 

sheet. Denson [1974], Joye, et al. [1972] and Dealy [1981] used the inflation 

technique to study the rheological behaviour of thin polymer sheets and highly 

viscous plastics. Apart from dough and synthetic polymers, other biological 

materials that have been characterised using the same method include arterial tissue 

and fruit skins, as reviewed by Shadwick and Vincent [1992]. 

The bubble inflation test has been made popular within the dough industry by the 

belief that it 'simulates' the expansion of the many air cells present in the dough 

during the baking process [Rasper and Danihelkova 1986]. This led to the 

development of commercial test rigs known as `alveographs', which is a 

modification of the Chopin Alveograph developed in the 1920's by Hankoczy and 
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Chopin, for use as an empirical tool to measure wheat gluten and bread dough 

extensibility. Early attempts to derive fundamental properties, i.e. stress-strain 

relationships from the alveograph were made by Hlynka and Barth [1955]. They 
assumed that the dough stretches into a bubble, which is part of a sphere with a 
constant wall thickness. This assumption is regarded as a gross approximation as 

considerable non-uniformity in the thickness of the bubble exists; it is much thinner 

at the top than at the base of the bubble. Bloksma [1957] derived an analysis that 

attempts to take into account this non-uniformity in thickness. His analysis has 
been used in practically all later research without any reservation with the 

exception of Launay, et al. [1977] who performed time-lapse photographic studies 
to investigate the accuracy in some of the analytical expressions in Bloksma's 

work. They found that they were accurate only at moderate bubble volumes and 

airflow rates. 

Dobraszczyk and Roberts [1994] used the bubble inflation method to measure the 
biaxial extensional theological properties of wheat dough using compressed air and 

flow regulators. A criterion for gas cell-wall instability and failure was derived, 
which took into account the strain and strain-rate hardening properties of the dough 

at large extensional deformation. By using the volume displacement method with a 

piston, Dobraszczyk and Roberts [1997] developed a new commercially available 
test rig called the Dobraszczyk/Roberts (D/R) inflation system to measure the 

fracture and extensional properties of soft solid materials that exhibit large 

extensions during processing. 

Using the bubble inflation technique, Charalambides, et al. [2002] developed a 
volume displacement piston rig to determine the stress-strain relationship of dough 

under equi-biaxial loading conditions. They specifically investigated the accuracy 
of the analysis proposed by Bloksma, by comparing independent experimental 

measurements of bubble height, strain and thickness. The later experimental 

measurement was conducted by stopping the crosshead movement at various 

bubble heights that were below the failure height. The bubble was allowed to dry 

at room temperature then a section was cut out and the thickness was measured 
using a digital micrometer. From their results, they concluded that Bloksma's 
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analysis leads to errors in determining stress-strain curves and this is due to the 

invalid assumptions made in the analysis. Furthermore, it was also suggested that, 
bubble tests should only be undertaken for the study of stress-strain relationship of 

wheat flour dough if individual experimental readings of strain, thickness, and 

radius of curvature as well as the pressure are recorded during the testing period. 

2.5.4 Stress Relaxation Test 

Dough is generally considered to be a viscoelastic material [Phan—Thien, et al. 

1997], such that its behaviour is time dependent. Studies of the time dependent 
behaviour are commonly measured through creep and stress relaxation tests. In the 

creep test, a constant load is applied to the specimen and the changes in the strain 
with time are monitored. In the stress relaxation test, specimens are compressed to 

a predetermined strain level where the strain is then maintained for a period of time 

so that the material relaxes and the stress decreases with time. 

Material models for describing linear viscoelasticity for metals and polymers have 
been well established [Mead 1994]. Phenomenological mechanical models 

utilising Newtonian dashpots to represent the viscous component and massless 
Hookean springs to represent the elastic component are used to represent the 
viscoelastic behaviour of a material. The simplest configurations are the Maxwell 

element, which consists of a spring and a dashpot in series, and the Voigt element, 
where the spring and dashpot are arranged in parallel. In particular, the generalised 

Maxwellian model (Figure 2.1c), which consists of a parallel array of Maxwell 
elements, is commonly used to describe the relaxation curve [Goh 2002]. The 

stresses for the model can be written as 

(t) = cr, exp(--  (t)= —t 	 (2.1) 

where t is time, and cri  and 2-, are constants corresponding to the Maxwell 

elements. If a residual stress is observed after the material has relaxed completely, 
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an additional spring may be added in parallel to the Maxwell units. The variation 

with stress is then described as 

-t 
CY 	= C ± Ea exp[— 

i=1 
(2.2) 

where o is the equilibrium or residual stress corresponding to the additional 

spring. The generalised Maxwell model has been successfully used by Goh [2002] 

to describe relaxation curves for various cheeses. 

Giesekus [1982], White [1963] and Phan-Thien [1997] developed different 

viscoelastic models based on kinetic theory and network theory to predict the 

steady shear and transient shear properties of polymers and hard wheat flour dough. 

To use these three models, creep experiments and shear measurements have to be 

performed with a rheometer and a spectrometer. The theological properties of 

dough were compared using these three models by Dhanasekharan and Huang 

[1999]. It was found that the Giesekus-Leonov model gave similar predictions to 

the Phan-Thien-Tanner model but the Phan-Thien-Tanner model overpredicted the 

shear viscosity at higher shear rates and the extensional properties. The White-

Metzner model gave good predictions of the steady shear viscosity but it was 

unable to predict the uniaxial extensional viscosity as it exhibited asymptotic 

behaviour in the tested extensional rates. 

2.6 	Studies on Extrusion 

2.6.1 Background 

It is believed that the earliest development of extrusion was due to Joseph Bramah, 

a famous hydraulic engineer, who patented a press in 1797 for making lead pipes 

without joints and other soft metals to any dimensions [Pearson and Parkins 1960]. 

Thereafter, Alexander Dick, who obtained a patent for an extrusion press in 1894, 

developed an advanced method in the hot extrusion of non-ferrous alloys. Siebel 
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[1931] calculated the force required in carrying out extrusion by applying the same 

theoretical approach developed by Fink [1874] for the study of metal rolling. 

Pearson [1939] attempted to investigate the physical flow behaviour for small 

billets of lead, tin, aluminium, etc, during the extrusion deformation. He cut the 

cast billets into two halves longitudinally. On one of the billet halves, a grid 

pattern was inscribed with printer's ink. The two halves were then put together 

into a preheated extruder and extruded to a desired depth. The remaining billet and 

the extruded part (extrudate) were then removed for quantitative examination. He 

found in extruding into a square-faced shoulder type of die, at the entry region of 

the die face, the centre of the extrudate deformed more rapidly than that of the 

outer surface. This was caused by the shoulders of the die holding back the 

material (also know as static zone development, see Figure 2.3) and preventing it 

from flowing smoothly. Using a conical die the latter effect was minimised and a 

fairly close approximation to uniform deformation was observed. 

It was not until about the late 1950's when scientific studies on extrusion 

processing of polymers were initiated [Rauwendaal 1986]. Choi [1968] developed 

a capillary instrument from an extrusion rheometer that consisted of a barrel and 

capillary in series. He found that the apparent viscosity of a polyethylene, tested at 

different temperatures and a shear rates increased nearly four-fold over the full 

range of pressure. He also examined the flow pattern in the barrel using coloured 

layers of melt as tracers and found regular laminar flow. Cogswell [1973] later 

studied the effect of pressure on the apparent viscosity of polymer melts such as 

polypropylene and high-density polyethylene. His main conclusions were that an 

increase in the pressure of a polymer melt was equivalent to a decrease in 

temperature, and that, if the viscosity was very sensitive to changes in temperature 

then a similar sensitivity to pressure could be anticipated [Binding, et al. 1998]. 

Onoda and Hench [1978] summarised work in the processing of ceramic pastes to 

make components for the micro-electronic industry. For example, methods in 

predicting the volume of fluid needed to make pastes for different forming 

processes were discussed. In addition, types of defects that occur during extrusion 

such as "lamination" and "surface tearing" were explained. Lamination is due to 
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adjacent streams flowing into a die-land failing to knit together completely. 

Surface tearing refers to periodic cracks formed on the surface of pastes extruded 

through circular dies or at the edges of extrudate from square dies. This defect 

occurs in a wide variety of materials. It is called "dog's teeth", "feather edging" or 

"edge tearing" in the ceramic industry and "surface mattness" or "sharkskin" in the 

plastics industry [Benbow and Bridgwater 1993]. 

Benbow and Bridgwater [1993] developed a model to characterise the flow of 

pastes in a ram extruder (see Figure 2.3) based on a modified plasticity approach 

and proposed that the total extrusion pressure P necessary to force a paste from a 

barrel of diameter Db  into a die diameter Da  and length L, at an extrudate velocity 

V is given by the relationship 

D, 
P = 	P2  = 2(ci-0  + ari)In + 4(r0  + fiv.)k) 

Da 	 Da  
(2.3) 

\ D 
The first term in equation (2.3) i.e. PI  = 2(a0  + al'" )1n, s to characterise the 

Da  

flow from the barrel into the die entry, where (70  is an initial yield stress and a 

and m are parameters characterising the effect of velocity on the die entry. All of 

o-0 , a and m are regarded as material constants characterising the material's 

resistance to change in cross-sectional area in the die entry, and are assumed to be 

independent of die geometry and extrusion rate. The second term in equation (2.3) 

i.e. P2  = 4(2-0  + pr -I= , comes from the steady state force balance in the die 
Da  

land, where To  is an initial wall stress and /3 plus n are parameters characterising 

the effect of velocity in the die land; To , /3 and n are also regarded as material 

constants. Benbow and Bridgwater showed that for experiments conducted on 

ceramic paste using a specially constructed stainless steel ram extruder, their 

proposed model compared well with the experimental pressures. All their 

experiments were conducted into a square-faced shoulder type of die with a high 
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Barrel Die entry 

Ram Static zone 

(velocity) V 

Extrudate 

L 

Die land 

extrusion ratio. They also showed the versatility of their model in predicting 

extrusion pressures for other soft solid materials i.e. soap and pasta, where again 

good agreements with the experimental pressures were given. 

Figure 2.3 Cross-section of ram extruder with a square entry die. 

Cheyne, et al. [2004], conducted ram extrusion to describe the mechanical 

characterisation and extrusion modelling on potato starch pastes. They used two 

methods to characterise and model the starch paste, (i) a modified plasticity 

approach described by Benbow and Bridgwater, and (ii) a fluid constitutive 

approach, using a power law model for bulk deformation and both power law and 

Herschel-Bulkley models for wall slip. They found that the prediction from the 

fluid approach to be unsatisfactory whereas the Benbow and Bridgwater method 

led to reasonable estimations of the extrusion pressures for annular dies once the 

internal shearing of the paste i.e. particle-particle interaction was accounted for. 

Bagley, et al. [1998] conducted a preliminary study to deduce the shear viscosity of 

wheat flour dough from a piston driven capillary rheometer (ram extruder). This 

method was employed in order to cross check the shear viscosity data obtained 

from a cone-and-plate rheometer. They found that poor results were obtained for 

samples mixed to an optimum level as the data from the capillary rheometer 

showed a large fluctuation at a constant output rate. The fluctuations were 

eliminated by overmixing giving satisfactory estimation of shear viscosity. 

Furthermore, by visual observation they noted large fluctuations in the extrudate 

diameter (rough extrudate surface) as it emerged from the dies. 
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2.6.2 The Extrusion Process 

2.6.2.1 Ram extrusion 

As it has been illustrated above, extrusion is a forming process used to manufacture 

products of constant cross-sectional shape. A variety of extruder designs exists, but 
work in this thesis is concerned with ram extrusion in the forward configuration. In 
this case, a piston or ram is used to drive material through a stationary contraction 

or die, as shown in Figure 2.3. The simple die shown in Figure 2.3 has two parts, 
the die entry and the die land. The reduction in cross-sectional area takes place in 

the die entry. If the entry angle, a , is less than 90°, the die is described as a tapered 

entry die or a conical entry die. If the entry angle, a , is equal to 90°, the die is 

described as a square entry die. The die land is a parallel-sided section, the 

function of which is to stabilise the material flow in this region, such that it 

prevents defects forming around the extrudate surface and improves product 

quality. 

2.6.2.2 Other extruder designs 

Various other extruder designs exist besides the simple ram extruder described 
above. For example, screw or auger extruders generate the load necessary to drive 

material through the die with a screw conveying mechanism. This type of extruder 

is often encountered in industry as it can be operated continuously, unlike a ram 
extruder which is essentially a batch device. There are also variations on the basic 
ram extruder design. In reverse extrusion also known as back extrusion, the die is 

moved into a stationary container (closed at the far end) and the extrudate emerges 

in the opposite direction. 

2.6.3 Extrusion Defects 

A number of well documented surface defects including die swell, sharkskin and 

melt fracture are encountered in the extrusion of polymers. In die swell, as Levy 

and Carley [1989] explain, "the amount of swelling varies from resin to resin, if the 
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extrudate is allowed to expand freely, the swelling may exceed 100% of the die 

diameter." However, this problem can be easily solved by tapering the entry region 

leading up to the die. By doing so, this allows the stress build up to be dissipated 

through viscous action and thus, reduce the die swell. Liang and Ness [1997] 

further confirmed this through their studies. They indicated that die swell can be 

attributed to the elastic stored energy in the melt. Therefore by dissipating this 

energy over the die land, die swell can be greatly reduced. They also confirmed an 

indirect relationship between the die swell ratio and the die length-diameter ratio, 

by indicating that the larger the die length-diameter ratio, the smaller the die swell 

ratio is. 

Somberger, et al. [1987], showed the range of defects which may be encountered in 

the extrusion of low density polyethylene. These ranges of defects are shown 

schematically in Figure 2.4. At low shear rates, extrusion results in a smooth 

extrudate. On increasing the shear rate, the extrudate develops sharkskin, a fine 

scale surface irregularity. At intermediate shear rates, spurt or slip-stick fracture 

may be observed, with associated oscillations in the extrusion pressure for constant 

velocity experiments. At high shear rates, melt fracture is observed characterised 

by large distortions in the extrudate, typically of the same order as the extrudate 

diameter itself. Depending on the experimental conditions, there may be an 

intermediate regime corresponding to a defect-free surface. 

S
he

ar
  s

tre
ss

  

A B 

Shear rate 

A =73 Smooth 

B WNW Sharkskin 

C 	 Spurt defect 

D 	• • 	• t Smooth 

E 13•NI'2.9 Melt fracture 

Figure 2.4 Defects encountered in low density polyethylene extrusion (Somberger, et al. 1987) 
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Cogswell [1977] suggested that the sharkskin is a result from the stretching of the 

surface layers of the fluid at the die exit under the action of the high tensile stresses 

which may develop in this region. An alternative explanation suggested by both 

Ramamurthy [1986] and Kalika and Denn [1987] is that it results from a loss of 

adhesion between the polymer and die wall with the consequent onset of wall slip 

in the die land. El Kissi, et al. [1997] examined the effect of polymer extrusion 

through various dies on sharkskin, and concluded that the defect of sharkskin takes 

place at the die exit as a result of the high tensile stresses acting on the fluid at the 

outlet of the dies, which is in agreement with the hypothesis of Cogswell. 

Benbow and Bridgwater [1993], describe a number of different flow defects which 

can occur during the extrusion of pastes. They identify factors which can influence 

the occurrence of surface fracture as paste formulation, die geometry and operating 

conditions and present results showing the effects of these factors. They note that 

dies with a high ratio of length to diameter (L/D), and those with tapered entry 

regions between the barrel and die land are beneficial for reducing surface fracture. 

They also believe that die wall lubrication can result in decreased surface fracture, 

a result which is linked to the surface properties of the paste being extruded. 

Kokini, et al. [1992] conducted studies on cornstarch dough and showed that 

similar defects as seen with polymer extrusion i.e. die swell, is also obtained with 

extrusion of dough. They highlighted that the reason for the latter defect is due to 

the sudden pressure drop as the extrudate exits the die, causing part of the water to 

"flash-off', resulting in an expanded porous structure. The water flash-off was 

believed to allow the growth of bubbles within the extrudate, hence the die swell. 

Mercier and Fillet [1975] found that the moisture content and extrusion 

temperature to be the most important factors governing extrudate expansion of 

cornstarch. Bhattacharya and Hanna [1987] highlighted that die geometry, screw 

pressure and shear within an extruder affected the expansion of starchy foods. 

Hoseney, et al. [1992] found that the addition of sodium bicarbonate to dough 

minimised the expansion of the extrudate. This implies that by including additives 

to dough, the effects could be counteracted. 
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CHAPTER 3 

3 DETERMINATION OF STRESS-STRAIN RELATIONSHIP 

FROM THE UNIAXIAL COMPRESSION TEST. 

3.1 Introduction 

In general, the uniaxial compression test is the most common means of deriving the 
stress-strain properties of soft solid materials. The test is simple to perform in 

comparison with an alternative test such as the uniaxial tension test, which is less 

frequently used because of the problems related with the gripping of soft samples. 
It is also commonly performed on metals and polymers subjected to forming 
processes where large deformations are involved. However, the main drawback of 

the test is the presence of friction between the sample and the loading platens. 

Such friction leads to a non-homogeneous stress distribution and invalidates the 

data. Although lubricants can be used to reduce friction, total elimination is 
difficult, especially at larger strains. 

The main objective of this study is to determine the true stress-strain relationship 

from the uniaxial compression test. The secondary objective is to apply the method 

as described by Charalambides, et al. [2001] and Goh [2002] who obtained the true 
uniaxial stress-strain curve and the coefficient of friction for cheese through an 

analytical method. The validity of this method will be further tested by applying 
them to bread dough, a material significantly softer and more difficult to work with 
than cheese. 
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3.2 	True Stress and True Strain Calculation 

Generally, for uniaxial compression tests conducted on metals and other non-soft 

materials, the data of force-deformation is plotted in the form of a nominal stress 

verses nominal strain curve. For small deformations, the use of the nominal stress 

and the nominal strain is sufficient to describe the material behaviour. However, 

such a nominal stress-strain curve is not a true stress-strain curve because it is 

based on calculations using the original test-piece dimensions and does not take 

into account the changes which occur during the actual deformation stage. For 

large deformation, such that experienced on bread dough during industrial 

processing, the true stress (Cauchy stress) and the true strain (logarithmic or 

Hencky strain) are more appropriate since they relate to the actual deformation that 

has taken place. The true stress in compression, o-  , is calculated as: 

c F 	
(3.1) 

where Ai  is the instantaneous cross-sectional area and F is the corresponding 

instantaneous load. The true compressive strain, 	is given by, 

= —1n(—h ) 
	

(3.2) 

where h and H are the instantaneous (h = H — g) and initial sample heights 

respectively. Assuming incompressibility and homogeneous deformation of the 

material, the volume of a cylindrical sample remains constant during deformation: 

r 2  h = R2  H , where R is the initial radius of the sample. Thus the true stress is 

calculated as, 

F h 
gRo  H 

(3.3) 
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For clarity purposes, all values of stress and strain will be presented as positive, 

even though they are compressive. These positive values are achieved by 

introducing the minus sign in equation (3.2) and by taking the sign of the loadF in 

equation (3.1) as positive. Furthermore, from this point onwards throughout this 

thesis true stress-strain will be conveniently referred as stress and strain 

respectively. 

3.3 	Friction in Uniaxial Compression Testing 

Friction between sample and the loading platen has long been recognised as a 

problem in compression testing. For example, in an ideal compression test, 

uniform and homogenous deformation is evident when the specimen maintains its 

straight edges as shown in Figure 3.1a. The calculated stress and strain values 

from this test represent the 'true' mechanical response of the material. 

Applied load 	Loading platen 
	Applied load 

Frictional 

locking 

(a) Ideal frictionless condition 	 (b) Friction is present 

Figure 3.1 Schematic of specimen under compression deformation for different frictional conditions 

However, in practice, friction between the sample and the loading platen interface 

does exist, which restricts the tangential movement of the specimen at the interface 

during compression. This leads to an inhomogeneous and not truly uniaxial stress 

state, giving rise to the measured 'apparent' stress being higher than the true stress 

of the material because higher loads are required to overcome the interfacial 

friction. Further evidence of inhomogeneous deformation taking place is the 

barrelling of the specimen shown in Figure 3.1b. The barrelling is caused by the 

localised deformation within the specimen due to the frictional locking (see figure 

3.1b). Since the friction between the platen and sample influences the freedom of 
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movement of material immediately adjacent to the contacting faces, it will in turn 
similarly influence the movement of other layers. Therefore, creating truncated 

cones of non-deforming material which slide over the unconstrained material 

generating a barrelled shaped sample [Mescall, et al. 1983] 

The severity of the frictional locking will become less as the height of the samples 
is increased. For a taller sample the frictional locking is negligible as the overall 

volume is larger in comparison with a shorter sample of the same diameter. For the 
shorter sample an increase in stiffness is obtained because an overall higher load is 
required to overcome friction which is restricting the lateral movement of the 

sample. Since the effect of the restriction decreases with distance away from the 

platens, a taller specimen has a smaller proportion of the frictional locking zone 

and hence appears less stiff than a shorter specimen of the same diameter. 

3.4 	Techniques to Eliminate Friction to Obtain True Stress-Strain Data 

3.4.1 Experimental Approach 

Since the presence of friction influences the results from compression tests, the 
only effective means of obtaining the true stress-strain curve is through the 

elimination of the friction by lubricating the interface. However, in practice it is 

difficult to find a perfect lubricant that can effectively remove the friction, 
especially at larger strains. For example, compression tests conducted on cheese 

[Charalambides, et al. 1995] have shown that lubricants (paraffin oil) could cause 
the specimen to bollard. Kulkarni and Kalpakjian [1969] found from their 

compression studies on polymers that when using two lubricants with different 
viscosities, the effectiveness of the lubricants was reversed when the lubricants 
were used at different compression speeds. Meaning that, at low speeds, the high 

viscosity lubricant was much more effective than the low viscosity lubricant. This 
is because the high viscosity lubricant took more time to squeeze out between the 

specimen and the sample. The reverse was found when high speeds tests were 
conducted with a low viscosity lubricant. 
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However, in some cases, as for compression conducted on plasticine by Adams, et 

al. [1991], it was shown that the friction can be avoided when silicone oil with a 

viscosity of 200 centistokes is used together with loading platens made from 
polytetrafluorethylene (PTFE). Charalambides, et al. [2001] showed that the effect 
of friction on cheese was eliminated when Superlube, a synthetic grease which 

contains Teflon, was used together with P [FE loading platens. 

Alternative experimental methods have been proposed to overcome the interfacial 
friction when an effective lubricant is not available. Polakowski [1949] suggested 

to conduct compression tests with three specimens of the same diameter stacked on 

top of each other such that the middle sample deformed as if it was subjected to an 
ideal frictionless compression test. Effectively only the material adjacent to the 

loading platens will experience friction constrains because of the difference in 

stiffness between sample and loading platen. However, in his investigation he 

found that barrelling still did occur after a compression of 40%. Cook and Larke 

[1945] suggested that the effect of friction decreases with increasing specimen 
height and eventually should dissipate on the resistance to deformation when the 

height to diameter (H/D) ratio tends to infinity. The stress-strain curve obtained 

from this condition is believed to be the true representation of uniform 
deformation. And with this idea in mind, Cook and Larke [1945] proposed an 

experimental procedure which involves the testing of specimens with different H/D 
ratios under unlubricated conditions. The apparent stresses and strains are 

calculated by assuming that the deformation is homogenous and are then plotted 

against 1/H for various applied strains. The true stresses are estimated by 
extrapolating the apparent stresses to the condition of 1/H=0. 

The above reviews have introduced several methods that can be used in the 

determination of the true stress-strain relationships. The application of some of 

these methods to dough is investigated in the current study. The experimental 
work involved performing compression tests using specimens with various H/D 
ratios under unlubricated and lubricated conditions will be pursued. 
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3.4.2 Analytical Approach 

In practice the most convenient way to eliminate friction in compression is by 

lubricating the interfaces. However, there might be cases when friction can not 

completely be eliminated. The data derived from the compression experiments 

would then be influenced by friction. An analytical method which enables the 

calculation of the true stress-strain curve from such data would therefore be useful. 

In addition, a method to ascertain the interfacial friction would also be useful as it 

is an important property of the contact surfaces. This interfacial friction 

information is needed in the modelling of industrial processes such as extrusion 

and rolling. 

The analysis of compression of a plastically deforming flat circular disk can be 

found in textbooks on metalworking [e.g. Dieter 1988] as well as on plasticine [e.g. 

Adams, et al. 1991] and on cheese [Goh 2002]. The analysis considers equilibrium 

of the forces acting on the disk, as shown in Figure 3.2. 

The following simplifying assumptions were made in deriving the analytical 

method: 

1. there is no barrelling of the edges of the disk, 

2. the thickness of the disk is small enough so that the axial compressive 

stress, az , is constant through the thickness, 

3. and the elastic strains are assumed to be negligible. 
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r 	 a 

Figure 3.2 Stresses on an element of a circular specimen under compression 

Considering the equilibrium of the forces on an element in the radial direction 

shown in Figure 3.2, the following equation (3.4) can be obtained. 

o-ThrdO —(6,+ do-,)h(r + dr)d0 + 2o-ohdr sin —dO —22-ordOdr = 0 
	

(3.4) 

dO dO Using the approximation sin(—) = — and assuming that second order of terms in 
2 	2 

dr can be neglected, equation (3.4) reduces to 

d6, + o-,, — 60  + 21-0  .0  
dr 
	 (3.5) 

Because of axial symmetry of the disk, dee  = der . By making the assumption that 

6, ,a0  and 6 Z  are the three principal stresses in the element, and in combination 

with the Levy-Mises equations, [Dieter 1988] 

de0  
[ar —i(az+a,9)] 0-0  

L69+(c7  crr A 
0_o 

deo  
o-0 

z i(cre cr, 
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where co  and co  are the equivalent strain and stress respectively, the equality 

a, = co  is obtained. From the Von Mises yield criterion, 

20r 2  = (cz —6z)2  (az —6.9) 2  +(co — cr)2 
	

(3.6) 

the relationship between az  , ar  and o•o  , is obtained by, 

cz 	= co 	 (3.7) 

As o-o  is constant, differentiation of equation (3.7) leads to 

do- , = dar 	 (3.8) 

The surface friction may be described by the Coulomb law: ro  = pc,. Therefore 

substituting the Coulomb law equation and equation (3.8) into equation (3.5) gives: 

do- , _ 2,udr 

z 
(3.9) 

Integration yields 

ln az  — 211r + C 
	

(3.10) 

The constant C is found through boundary conditions at the outer radius of the disk, 

where r=a,o-r  =0 andaz  = . The pressure distribution across the radius is 

hence obtained by integrating equation (3.10) with respect to r 

C =lnan + 2/ja 	 (3.11) 

and 

az = coe h 
	 (3.12) 

From equation (3.12), the maximum pressure is found at the centre of the 

specimen, and decreases in an exponential manner to the value at the 

circumference. This pressure variation is also known as afriction hill. The mean 

deformation stress, p acting on the disk is obtained by integrating equation (3.12) 

between the centre of the disk to the circumference which leads to, 
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P tot 	2 
— — e -- 

pa 
(3.13) 

where a and h are the instantaneous radius and height respectively. Equation 

(3.13) can also be expressed in terms of the instantaneous strain by expressing a 
and h in terms of the original radius and height using the assumption of the 

constancy of volume, i.e. 2ra2h = 7R02H In which the term —2pa in equation 

3e 
 

(3.13) is replaced by 
2
H 	 2 and rewritten as: 

3  )2 
o-  (H  

P= o 	 2 
2 pRo

e  
 

2pR 3  
eH

ez 2 

 

3 -c —1 (3.14) 
H 

 

      

Furthermore, in the study of cheese by Charalambides, et al. [2001], it was 

suggested to use an empirical relationship of the form: 

p=60 +13(-1  2 	 (3.15) 
J 

where B is a constant. Note that equation (3.15) cannot be used to determine the 

interfacial friction p . However, the extrapolated stress as a function of strain can 

be determined. Charalambides, et al. [2001] used this equation in their work as it 

was found to give more accurate predictions for the true stress-strain curve. 

Therefore, the use of this equation in the study of dough compression will further 

verify the use of equation (3.15) for other soft solid materials such as dough. 
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3.5 	Experimental Work 

3.5.1 Raw Material 

When wheat flour is mixed with water, several types of materials can be obtained 

depending on the quantity of water that is added. When large water content is used 

(above 100% of the flour weight) it will result in a liquid slurry, and if a small 

water content is used (less than 30%) a slightly cohesive powder is obtained. 

When specific flour/water ratios are used, a smooth and homogeneous mass can be 

obtained [Letang, et al. 1999]. Work presented in this thesis concerns the use of a 

flour/water weight ratio of 1.65 unless otherwise specified. The dough was made 

from industrial wheat flour, distilled water and the inclusion of salt but without the 

addition of yeast. The exclusion of yeast was to minimise the complexity as well 

as to limit the number of variables in the characterisation of the material behaviour. 

The flour was supplied by General Mills (USA) with a blend composition of: 

13.25% ± 0.75% moisture, 10.5% ± 0.35% protein and 0.5% ± 0.03% ash contents. 

Ash and protein are both quoted on the 14% moisture basis standard. The standard 

is based on the AACC (American Association of Cereal Chemists, USA) 

methodology, using the 'constant flour weight' procedure, in which the flour weight 

is adjusted to a 14% moisture basis. 

3.5.2 Mixing of Flour and Water 

To accurately characterise dough properties, it is necessary to control the work 

input while mixing the dough since its properties depend on the work input, 

[Frazier, et al. 1985]. Hence, simple flour/water dough was mixed using a 

laboratory six-pin mixer capable of recording torque during the mixing process. 

The dough was made by mixing 198.5 g of flour with 120 g distilled water and 1.5 

g salt (sodium chloride), giving a total of 320 g of dough from each mix. The flour 

and salt-water solution were pre-chilled to —20 °C and 3 °C respectively. The 

speed of the mixer was kept constant at 118 rpm. The mixing duration was kept 
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constant at 2.5 minutes for all samples. After mixing the final dough temperature 

was in the range of 17-19 °C. Furthermore, the overall mass of mixed dough was 

wrapped in cling film coated with a layer of paraffin oil. This was done to 

minimise the mixed dough from drying i.e. to avoid moisture loss. 

A typical mixing curve obtained for dough is shown in Figure 3.3. At the 

beginning there is a large quantity of free water. Flour particles are said to be 

independent of each other, and the resistance to mixing is very small (undermixed). 

Thereafter the flour is progressively hydrated and the amount of free water is 

decreased resulting in an increase of resistance to mixing. A gluten network is 

thought to progressively develop during this period. The consistency reaches a 

maximum when all the flour particles are hydrated. For longer mixing times, the 

material is weakened due to overmixing and the degree of workability is greatly 

reduced because of sticking. The optimum mixing time is associated with the 

maximum consistency. Therefore, all dough used for this thesis has been 

manufactured to an optimum mixing time of 2.5 minutes i.e.150 sec. 

50 	100 	150 	200 
	

250 
	

300 
Mixing time (sec) 

Figure 3.3 A typical wheat flour/ water-mixing curve. 
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3.5.3 Sample Preparation and Test Methods 

In order to study the effect of friction, samples of various dimensions were 

produced using cylindrical moulds made from PTFE ring dies manufactured in-

house by the author. Each die was placed on a square PTFE sheet (bottom plate) 

coated with paraffin oil. A strip of non-stick silicone paper (greaseproof paper) 

was used to line the inside of the cylindrical moulds. The use of the non-stick 

paper was found to assist the removal of the sample from the mould without 

sticking. The overall mass of mixed dough was further separated to smaller 

portions. Each portion was then pressed into the moulds by hand. The excess 

material was scraped off using the edge of a Perspex plate. Another PTFE plate 

(top plate) coated with paraffin oil was then positioned on top of the filled mould 

and a small weight was left on top of the plate for 10-15 minutes. Figure 3.4 shows 

a sample in its mould; for clarity purposes, a Perspex top plate is shown instead of 

a PTFE plate 

Figure 3.4 Cylindrical sample moulded into the PTFE ring mould. 

The top plate was then removed using a sliding motion and the sample was 

carefully extracted out of the mould. The top surface of the sample was coated 

with paraffin oil to avoid moisture loss and allowed to relax for 45 minutes before 

testing. The sample retained its shape during relaxation time as the greaseproof 

paper provided the necessary support on the sample edge. The sample was then 

transported to the loading platens using the bottom plate. The sample was removed 
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from the bottom plate by tilting the plate until the sample slid off from the bottom 
plate on to the loading platen. Finally the greaseproof paper was carefully peeled 

off. The paraffin oil which was used to avoid moisture loss from the sample was 
carefully removed using absorbent paper. This rather tedious preparation procedure 

ensured samples had the correct cylindrical geometry and reduced the scatter in the 
experimental data. 

The diameter of the specimens was 40mm while the heights were 6, 10, 16, and 20 

mm. Taller specimens were not used because of the difficulties in manufacturing 
specimens above a height of 20mm. In addition, preliminary tests had shown that 

specimens did not maintain their cylindrical shape due to the effect of gravity. The 
height of each sample was recorded within ± 0.1 mm prior to testing using a vernier 

height gauge and the diameter was measured using a digital vernier calliper. For 
each height a minimum of four replicate samples were tested. 

The experiments were performed under controlled room temperature of 21 °C ± 1° 

C and 50% ± 5% relative humidity. All tests were tested on an Instron 5543 testing 

machine with a lkN load cell. The tests were performed at constant crosshead 

speeds which were chosen arbitrarily so that the initial strain rate was 1 min-1  for 
all specimen heights. Two frictional conditions were examined by performing two 
series of tests. Firstly, tests were performed where no lubricant was applied to the 

loading platen - sample interface before testing. In this case, the loading platens 
were made of P [FE. Secondly, silicon oil of 500 centistokes viscosity was applied 

in a thin layer to the loading platens prior to testing which were also made of 

PTFE. In this way, the effectiveness of the 500 centistokes lubricant to eliminate 
the sample-platen interfacial friction will be examined. 

It should be noted that preliminary experiments using different lubricants such as 

the synthetic grease Superlube (Loctite Corporation) and paraffin oil failed to 
effectively remove the frictional effects. The sample preparation and the final 

method of testing have evolved after several preliminary investigations and 
refinements. 
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3.6 Results 

3.6.1 Effect of Material Variation 

It is commonly cited that when working with dough, variations between a single 

crop are not uncommon. This is due to differences in flour category, storage 

conditions or ageing, which may cause scatter in the testing data [Faubion and 
Faridi 1986]. Care should be taken when selecting the number of replicates used, 

such that the variations between samples are taken into account. Ideally, a large 

amount of replicates would ensure a good representation of the average behaviour 

of the material. However, the final mass of material available from one batch of 
laboratory scale mixing constrains the number of replicates that can be used in each 

test session. In this thesis, for each test condition, experiments have been 

conducted with a minimum of four replicate samples, unless otherwise specified. 
And for each single test session all samples have been produced from one batch of 

mixing. However, if a large scatter was observed, the number of replicates was 

increased with the inclusion of a second batch of mixing. 

Figure 3.5 shows a typical set of two different batches of mixing of compression 
stress-strain data consisting of four replicates tested at two different days. The 

data show that good reproducibility between specimens can be achieved if 
experimental errors such as those due to mixing input, temperature, or sample 

preparation/handling effects are minimised. The test was stopped around a true 

strain of 1.4. This was not caused by the sample breaking but was due to the 
squashed sample exceeding the edges of the loading platen. Figure 3.5 also 

provides an example of the stress-strain curves that are presented in this thesis. 
However, good reproducibility is not achieved when test conditions are repeated on 

the same flour crop after a long period of time. This is because of the ageing of the 

material during long storage periods. The age effect is shown in Figure 3.6. For 
each test session, an average curve obtained from at least four replicates is shown. 

The standard deviation error bars are set equal to ± one standard deviation. 
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The data in this thesis have been collected from different flour crops and performed 

at different periods for each test sessions. This means that for tests performed 

within a short period, the comparison of stress-strain data is possible. However, if 

the time period between tests is longer, the results will not be compared even if the 

flour crop is the same. The observed trend on the stress-strain curve is often 

consistent irrespective of the period between test sessions or flour crop used. 

— day 1 
day 2 

 

0 	0.2 	0.4 	0.6 
	

0.8 	1 	1.2 	1.4 	1.6 
strain 

Figure 3.5. A typical compression stress-strain curve tested at two different days at initial strain rate 

of 1/min (test session 1). 
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Figure 3.6 Effect of ageing for samples taken from the same crop. 

3.6.2 Effect of Friction on Stress-Strain Data 

The stress-strain curves calculated using equations (3.2) and (3.3) under 
unlubricated and lubricated conditions are shown in Figure 3.7 and Figure 3.8 

respectively. For each nominal height, an average curve obtained from at least four 
replicates is shown. The standard deviation error bars are set equal to ± one 

standard deviation. The dependence of the apparent stress on specimen height is 

clearly exhibited in Figure 3.7. Smaller height samples led to a higher stress-strain 

curve, i.e. the material appears stiffer. 

The effectiveness of the silicone oil in removing the sample-platen interfacial 

friction effects is obvious as all heights now lead to an approximate single stress-
strain curve in Figure 3.8. Therefore the data in Figure 3.8 can be assumed to 

represent the true stress-strain curve for dough at the specified test conditions. 

However, it could be argued that the full effectiveness of the lubricant is often 
reduced at large strain due to the lubricant being squeezed out and having to cover 

a larger contact area between the platen and the specimen. This can be seen in 
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Figure 3.8 where the stress-strain curves obtained under lubricated conditions show 

a larger dispersion at strains above 1. However, the use of the silicone oil and a 

reasonably tall specimen with H/D ratio of 0.5 (i.e. H=20) appears to give good 

accuracy in the stress-strain measurement. 
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1.4 
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Figure 3.7 Stress-strain curves for specimens with different height (unlubricated). 
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Figure 3.8 Stress-strain curves for specimens with different height (lubricated). 
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Further confirmation of the effectiveness of the lubricant is obtained from the 

shape of the specimens during compression. Images taken during deformation for 

sample heights 20mm at similar strain levels are shown in Figure 3.9. The applied 

strain is approximately 0.6. It is evident that on the unlubricated sample, barrelling 

is obtained, suggesting that interfacial friction between the sample and the platen is 

significant. However, the sample maintains its cylindrical shape when silicone oil 

was used which is evidence of uniform deformation taking place. 

Figure 3.9 Deformation of dough samples under different lubrication conditions. Initial height = 

20mm. 

Similar results have been obtained by Charalambides, et al. [2005], who used two 

different diameters of 20mm and 40mm with similar HID ratios for dough. In all 

cases, the same stress-strain curve was obtained when silicone oil lubricant was 

used. This suggests that there is no size effect on the stress-strain curves when 

different geometries are investigated in the lubricated condition. 

3.6.3 Prediction From Analytical Model for Unlubricated Compression 

The experimental data obtained from the unlubricated tests were fitted to equation 

(3.14). The material constants were obtained through the least squares error 

method and an iterative procedure using the solver function in Microsoft Excel. In 

order to acquire the material constants more easily, the experimental data were 

rearranged such that corresponding mean stress p and sample height H data were 
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available for a constant value of strain. For equation (3.15), the values of true 

stress ao  and the constant B were obtained when the mean stresses were 

extrapolated to the condition of 1/H 2 = 0. The apparent stresses (or mean stresses) 

from the unlubricated tests are plotted against 1/H 2  in Figure 3.10. In most cases, 

the data can be reasonably approximated with linear relationships. Note that the 

intercept along the stress axis in Figure 3.10 gives the true yield stress as a function 

of strain according to equation (3.15). 

The calculated stress-strain curves using the analytical equations are compared 

with the true stress-strain data obtained from the lubricated tests in Figure 3.11. 

The prediction from equation (3.15) is seen to be better in comparison to the 

prediction from equation (3.14), as the calculated data from equation (3.15) are 

closer to the lubricated curve. This is in agreement with previous work on cheeses 

[Charalambides, et al. 2001] where equation (3.15) was found to be more accurate 

than equation (3.14) in predicting true stresses. 

Figure 3.10 Stress versus 1/112  for unlubricated data. Each set of markers corresponds to strains 

increasing in steps of 0.1. 
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Figure 3.11 Calculated stress-strain curves from analytical equations. 

The predicted values of the coefficient of friction p using equation (3.14) are 

shown in Figure 3.12 (PIFE no lubricant). It is observed that p varies with strain. 

A possible explanation to this phenomenon is that barrelling causes the sides of the 

cylindrical sample adjacent to the platens to 'fold' on to the platens as the sample is 

compressed. It is reasonable to assume that a thin layer of paraffin oil used to 

avoid loss of moisture may still be present on the sides of the sample and acts as a 

lubricant. Nevertheless, the average value of p for dough compressed between 

FIFE loading platens that are not lubricated is 0.12. 

Further cases of coefficient of friction were examined using different compression 

platens made from polymethylmethacrylate (PMMA). Firstly, tests were 

performed where no lubricant was applied to the loading platen - sample interface 

before testing. Secondly, paraffin oil was applied in a thin layer to the loading 

platens prior to testing. For the two cases the predicted values of friction using 

equation (3.14) are also shown in Figure 3.12. The average values of p without 

and with a lubricant (paraffin oil) are 0.24 and 0.14 respectively. 
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The benefit of determining the value of ,u is that it can be used to describe the 

frictional condition in future numerical modelling on dough extrusions. It should 

be noted that dough extrusion experiments in this thesis are to be performed with a 

die and barrel made from PMMA in the lubricated condition i.e. lubricated with 

paraffin oil, which will be described in greater detail later. Therefore, the 

coefficient of friction of 0.14 could be used to define the contact interaction 

property for the extrusion simulation in ABAQUS. 
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Figure 3.12 Coefficient of friction versus strain corresponding to the different loading platens used. 

Horizontal lines represent the average of each data set. Also note that ,u for PTFE no lubricant is 

lower than 11.2 for PMMA no lubricant. 

3.7 Conclusions 

An effective way to eliminate the interfacial friction between the sample and the 

loading platens in uniaxial compression tests for dough has been found. The 

lubricant was Silicon oil with a viscosity of 500 centistokes and it was applied on 

to loading platens made from PTFE. The evidence for this is that there was no 

effect of sample geometry on the data when this lubricant was used. Therefore the 

true stress-strain curves of dough have been determined. 
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In cases when friction cannot completely be eliminated, the true stress-strain 

relationship and friction may be estimated through an analytical approach. Two 

expressions were used to determine the true stress-strain curve using data from the 

unlubricated compression test with specimens containing different H/D ratios. One 

was based on equilibrium analysis of a compressed disk under frictional conditions 

(equation 3.14) and the other was an empirical expression (equation 3.15). The 

latter is essentially an extrapolation of the apparent stress data to a zero (1/H)2  

value, H being the original sample height. It was found that the predictions from 

both equations are reasonably accurate. However, better agreement from equation 

(3.15) was obtained as opposed to equation (3.14), since the calculated data from 

equation (3.15) were closer to the lubricated curve. This is similar to the previous 

work on cheeses found by Charalambides, et al. [2001]. Equation (3.14) was also 

used to estimate the interfacial friction p; an average value of 0.12 was obtained 

for samples tested using PTFE loading platens when no lubrication was applied to 

the platens. Further estimates of the interfacial friction were obtained when 

PMMA loading platens was used. This yielded average values of 0.24 and 0.14 

when no lubricant and lubricant (paraffin oil) was used respectively. 

Following the results of this study, future uniaxial compression tests in the rest of 

this thesis will be performed using samples with ratios of ND equal to 0.5 

(D=40mm, H=20mm) with PTFE loading platens under lubricated conditions i.e. 

lubricated using Silicon oil with a viscosity of 500 centistokes. 
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CHAPTER 4 

4 DETERMINATION OF THE TRUE STRESS-STRAIN 

RELATIONSHIP FROM THE UNIAXIAL TENSILE TEST 

4.1 Introduction 

One of the most widely used test methods to measure materials properties is the 

uniaxial tensile test. The test is performed by clamping a strip of material at both 

ends and pulling apart at a fixed rate using a testing machine. This type of testing 

is of great interest to food engineers because of its direct relevance with many 

processing applications involving large extensional deformation, such as the 

extrusion, rolling and baking. At present there are standards available from the 

American Association of Cereal Chemists (AACC) for evaluating the uniaxial 

extensional properties of dough e.g. the Brabender Extensigraph. Although these 

standard procedures are empirical in nature, they are still used widely in industry as 

well as in rheological studies, such as the work conducted by Grausgruber, et al. 

[2002]. The data from these standard procedures are not defined in fundamental 

units of stress and strain, because the sample geometry is not well defined or 

measured. In practice, accurately measuring the fundamental material properties of 

dough is difficult and challenging as opposed to conventional engineering materials 

such as metals and polymers. This is because of the difficulty in gripping the 

specimens because of their soft nature and the effect of gravity on the specimen, 

which is not negligible when compared to the force required for deformation. 
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Nevertheless, attempts to overcome these difficulties in uniaxial tensile tests have 

been carried out for several decades, with the work by Schofield and Scott Blair 

[1933], Tschoegl, et al. [1970], Munstedt, et al. [1998], and Schulze, et al. [2001], 

being some examples of research into the measurements of fundamental material 

properties of dough and other soft materials. However, even these tensile test 

methods are complex, expensive and difficult to perform in an industrial 

environment. 

The main aim of this study is to conduct a comprehensive investigation to develop 

a method for obtaining the tensile properties of wheat flour dough. This will 

determine the true stress strain data in tension needed for the numerical modeling 

of the extrusion process. 

4.2 	Initial Test Methods 

Previous investigations into tensile testing of dough using a "hook design" (see 

Figure 4.1) within the group by P.J.Toh [2000] have shown that the data obtained 

from this technique were not accurate. The hook design is similar to the Brabender 

Extensigraph where a strip of dough is clamped horizontally at both ends, and 

stretched into a V-shape by means of a hook. The hook test was designed to be 

mounted onto an Instron testing machine where a constant speed perpendicular to 

the original sample axis during testing is maintained. The main reason for the 

inaccuracies in this test, was that the occurrence of flow during testing from the 

clamped region into the gauge length resulted in poor reproducibility, hence the 

results being misleading and inconsistent. This type of testing is commonly used in 

production factories as an empirical tool in providing data for the evaluation of 

performance during processing and for product quality control. 
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Figure 4.1 Deformation of dough using the hook design 

The hook design was not investigated further in this study. It was decided that the 

inconsistency of data and the effect of the added mass from the clamped region 

could not be accounted for accurately. An alternative methodology to obtain 

accurate tensile data was performed using traditional 'engineering' sample 

geometries. The first was a cylindrical flared end (CFE) sample (see Figure 4.2a), 

and the second was a rectangular dumbbell sample (see Figure 4.2b). Two 

geometries were chosen because they enabled the investigation of the effect of 

geometry on the stress-strain data. Furthermore, these geometries have been 

successfully used in conventional tensile testing of metals and polymer materials. 

4.3 	True Stress and True Strain Calculation 

A tensile test involves mounting a specimen in a machine and subjecting it to 

tension. The corresponding tensile load, F, and the elongation, 8 1 , are recorded 

on a PC connected to the testing machine. These can then be used to calculate true 

strain, 6, from: 

E =ln 

	

	 (4.1) 
\ lob  

where /0  is the original gauge length, and / is the current length (40  + 61) (see 

Figure 4.2 a and b) 
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The true stress, a , for the cylindrical flared end (CFE) specimen is calculated 

from: 

_ 4F / 
ADZ 	 (4.2) 

where D is the original specimen diameter and F is applied load. 

For the rectangular dumbbell specimen the true stress, a , is given by: 

=
F 1 

WT 1 	 (4.3) 

where W is the original specimen width, T is the original specimen thickness (see 

Figure 4.2b). Note that equations 4.2 and 4.3 assume a constant volume 

deformation and corrects the stress for the changes in sample dimensions during 

the test. 

F 

 

F 
r-,----e 

(a) 
	

(b) 
Figure 4.2 Tensile test specimens a) Cylindrical flared end (CFE), b) Rectangular dumbbell 

4.4 	Experimental Work 

Simple flour/water dough was used for all tests, the material preparation method 

being the same as that used in compression testing (section 3.5.2). After mixing, 

the dough was initially shaped to form a sheet through a rolling machine supplied 

by General Mills. The dough was then placed on to a PTFE board that was coated 

with paraffin oil and further rolled with a PTFE rolling pin into a sheet 

approximately 6 mm in thickness. To prevent the development of an anisotropic 

material, the board was regularly rotated during rolling. The sheet was then 
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covered with a cling film to prevent any moisture loss and left at ambient condition 

(21°C and 50% RH) for 30 minutes to relax. The sample preparation techniques 

and the test methodologies for both sample geometries are described separately 

below. The sample preparation and the final method of testing have evolved after 

several preliminary investigations and refinements. 

4.4.1 Cylindrical Flared End Specimen (CFE specimen): 

The geometry for this specimen was produced using a Perspex mould that was cut 

into two halves along its length (see Figure 4.3a). The mould was designed and 

manufactured in house by the author. Specimen dimensions are shown in Figure 

4.3b. The specimens were shaped by placing a rod of dough into one half of the 

mould. To eliminate sticking of the sample onto the surface of the mould, paraffin 

oil was used as a lubricating agent. The excess dough was squeezed out by 

pressing the two halves together until a flared end cylindrical shape sample was 

formed. The excess dough was cut off from the two ends using a pair of scissors. 

The ends of the specimen surfaces were flattened, by placing the mould between 

two PTFE sheets. A small weight was placed on top of one of the plates for a 

period of 5-10 minutes. The two plates were then removed using a sliding motion 

and any excess material was scraped off using the edge of a Perspex plate. The 

sample was left inside the mould for 45 minutes before testing. After the relaxation 

period, the sample was glued on to the loading platens (made from Perspex) using a 

cyanoacrylate adhesive. The adhesive was left to cure for a period of 

approximately three minutes. The moulds were then carefully removed ensuring 

minimum distortion to the sample. 

The experiments were performed at a constant crosshead speed i.e. at 60 mm/min, 

which was chosen arbitrarily so that the initial strain rate was 4min -1  for a gauge 

length of 15mm. All tests were performed in an air-conditioned laboratory of 21°C 

and 50 % relative humidity. The Instron testing machine used was a 5543 model 

with a 100N load cell. Corresponding values of load P, and elongation, 67 were 

recorded on a PC connected to the testing machine. These were used to calculate 
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the strain and stress values using equations 4.1 and 4.2 respectively. A minimum 

of four replicate samples were tested for each test session. Before testing each 

sample, its dimensions were carefully measured using a digital vernier calliper. 

To validate the calculated stress-strain data, a method to determine the stress and 

strain experimentally was also performed. This involved measuring the strain 

between two horizontal lines painted in the middle section of the specimen prior to 

testing. Food colouring (Supercook black) was used to spray paint through a 

specially made plastic stencil with horizontal line cut-outs. The lines had a 

thickness of 0.5mm and were spaced 2mm apart. The deformation of the two lines 

was captured on a Sony CCD digital camera positioned such that the side of the 

sample was in view. The CCD images were analysed on a PC using image analysis 

software (ImageJ). The diameter, d, of the deformed section was also estimated 

from the same images and was used in the calculation of stress from: 

4F = 7rd2 (4.4) 

1111444L, 
(a) 	 ( b) 

Figure 4.3 a) Perspex moulds used for preparing CFE specimens, b) Geometry for the CFE 

specimen mould (all dimension in mm) 

4.4.2 Rectangular Dumbbell Specimen 

The geometry for this specimen was produced using a 3mm thick PTFE dumbbell 

mould (see Figure 4.4b). The dumbbell mould was designed and manufactured in 
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house by the author. Each dumbbell mould was placed on a square P 11,k, sheet 

(bottom plate) coated with paraffin oil, as shown in Figure 4.4a. The dough 

specimens were shaped into the mould by pressing the material into the mould by 

hand. The excess material was scraped off using the edge of a Perspex plate. In 

order to achieve uniform sample thickness, another P11-41, plate (top plate) coated 

with paraffin oil was then positioned on top of the filled mould and a small weight 

was left on top of the plate for 10-15 minutes. The top plate was then removed 

using a sliding motion. 

A novel method to effectively grip the soft sample was developed by altering the 

structure near the clamp ends. This was obtained by heating both sides of the 

clamped region of each end with a positive temperature coefficient (PTC) heater 

(see Figure 4.4a). These heated dried ends ensured that the samples could be 

clamped firmly as well as eliminating material flow from the clamp region. 

Finally, the moulded sample was carefully extracted out of the mould and left on 

the bottom plate for 45 minutes before testing. To eliminate moisture loss the 

sample was coated with paraffin oil and covered with cling film. 

As mentioned before, one of the major challenges in testing dough in tension is the 

soft nature of the material. Therefore minimum sample handling is needed to 

eliminate sample distortion. The problem here lies in transportation of the sample 

onto the testing machine. To overcome this problem, a specially made "H" shaped 

transportation device was designed (see Figure 4.5 broken red line). The 

transportation device was fastened by four screws at the ends of the "H" arms onto 

specially made sample clamp plates (made from Perspex). After the relaxation 

period, the sample was carefully positioned on to the bottom clamp plates and 

locked in place with the top clamp plates at each end of the specimen (see Figure 

4.5). Before transporting the sample on to the testing machine, the sample 

dimensions were carefully measured using a digital vernier calliper. To provide 

extra grip i.e. to ensure no slippage of the sample within the clamps during testing, 

Velcro hook tape was stuck on each clamp plate. Using the transportation device, 

the clamps and the specimen were then transferred together to the testing machine 

shackles (see figure 4.6). The sample was properly aligned with locating pins 
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going through the shackles and the clamp plates. The four screws were then 

loosened and the transportation device was carefully removed from the clamp 

plates. This procedure, ensured minimum distortion of the sample. It should be 

noted that the CFE samples did not require a transportation device, as the mould 

together with the sample inside it were used to transfer the sample on to the testing 

machine. 

The experiments were performed at constant crosshead speed i.e. at 100 mm/min, 

which was chosen arbitrarily so that the initial strain rate was 4 min-' for a gauge 

length of 25mm. A 100N load cell was used in a temperature controlled 

laboratory. Using the Instron force-displacement data, the true strain and true 

stress were calculated using equations 4.1 and 4.3 respectively. A minimum of 

four replicate samples were tested for each test session. Again, the calculated 

stress strain data were validated by monitoring (with a CCD digital camera) the 

distance between horizontal lines painted on to the sample before testing. Food 

colouring (Supercook black) was used to spray paint through a specially made 

circular brass stencil with horizontal lines machined out. The lines had a thickness 

of 0.3mm and were spaced 1.7mm apart. The instantaneous width of the deformed 

section was also estimated from the same images and was used in the calculation of 

stress. Note that the instantaneous thickness of the deformed section could not be 

measured. Therefore, for this dimension the constant volume assumption was 

used. 

-50- 



SO 

40 

25 

\\— Thickness inn 

Sample clamp region (heated) 

Clamp plate (top) 

N 

4 x screws 

Transportation device 

Clamp plate (bottom) 

(a) 
	

(b) 

Figure 4.4 a) PTFE mould used for preparing rectangular dumbbell specimens and the single PTC 

heating unit used for heating specimen clamp region, b) Geometry for the rectangular dumbell 

specimen mould (all dimensions in mm). 

Figure 4.5 Sample transportation device used on the rectangular dumbbell specimen. 

-51- 



Figure 4.6 Rectangular dumbbell sample attached onto the testing machine shackles. 

4.5 Results 

4.5.1 Uniformity of Stress-Strain Behaviour along the Specimen 

The stress-strain curves for the CFE samples are shown in Figure 4.7. The stress 

strain data labelled "calculated" are from equations 4.2 and 4.1 respectively 

whereas the data termed "image analysis" are obtained from equations 4.4 and 4.1 

using deformation measurements. The Average curves obtained from all samples 

are shown in Figure 4.7. The error bars are set equal to ± one standard deviation 

and each point on the "calculated" and "image analysis" represents the same 

corresponding test time. As expected, there is a large disagreement between the 

two sets of results. This disagreement is because during deformation, new material 

from the flared region of the sample was continuously added into the original 

gauge length, delaying the deformation of the material in the mid section of the 

specimen. This causes the material along the length of the sample to deform non- 
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uniformly. Figure 4.8 shows further confirmation of the non-uniformity along the 

length of the CFE sample obtained from images taken during the deformation. 

Although the stress strain data can be obtained from this experiment, the validity 

and the accuracy is questionable. The scatter from the four replicate specimens is 

large. This highlights the inconsistency of the test using CFE samples. 
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Figure 4.7 Comparison of calculated stress-strain data with that from image analysis for CFE 

sample tested at 60 mm/min. 

1 

   

Figure 4.8 Non uniform deformation obtained with CFE specimen. 

However, a method to eliminate or reduce the non uniform deformation observed 

on the CFE specimen was pursued through heating the ends of the specimen. This 

is similar to the rectangular dumbbell specimen ends preparation, where the ends 

were heated with a PTC heater to improve effective gripping (section 4.4.2). 

Heating the CFE sample ends formed ends that were semi rigid. These semi rigid 
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ends eliminated the problem of material flow from the flared region as well as 

improved the efficiency of adhesion of the sample onto the loading platens. It 

should be noted that the flared ends of the CFE sample could not be heated evenly. 

This is because of the PTC heater element could only be applied practically from 

the top surface of the specimen. Therefore, the depth of heat penetration into the 

flared region is dependent on the time taken to heat and the volume of the material 

around that region. This means that heating the ends of the specimen adds to the 

sample preparation time i.e. approximately 15 minutes for each end, with a total 

heating time of 30 minutes. This is unlike the heating method for the rectangular 

dumbbell sample, where the heated area is easily controlled because of the small 

volume of material near the clamp region. For this sample, the total heating time 

was 8 minutes (2 minutes for each face end). 

The elimination of material flow from the flared region as well as uniform 

deformation along the specimen gauge length is shown in Figure 4.9. Figure 4.10, 

shows the comparison of the "calculated" and the "image analysis" stress strain 

curves. The scatter within this set of data is smaller than the average stress in 

Figure 4.7. In addition, the "calculated" and the "image analysis" stress-strain 

curves agree well. This shows that either analysis for determining the tensile 

behaviour for dough can be used and that the test method is valid. This also 

illustrates that by eliminating material flow from the clamp region such that only 

material within the gauge length is subjected to deformation, true stress-strain data 

and uniform deformation behaviour along the specimen gauge length can be 

obtained. 

I 

Figure 4.9 Typical uniform deformation obtained along gauge length with CFE specimen after 

flared ends were heated. 
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Figure 4.10 Comparison of calculated stress-strain data with that from image analysis for CFE 

samples (specimens ends heated) 

Figure 4.11, shows the comparison of "calculated" and "image analysis" stress-

strain curves for the rectangular dumbbell samples. Note that these sample ends 

were also heated as described in section 4.4.2. Again, the "calculated" and the 

"image analysis" stress-strain curves for this sample geometry agree well. 

Furthermore, the scatter within this set of data is also small. Figure 4.12, illustrates 

the uniform deformation obtained along the gauge length for rectangular dumbbell 

samples. This further confirms that with eliminating material flow from the clamp 

region, uniform stress strain behaviour can be obtained. Note all the image 

analysis was performed on the middle of the gauge length i.e. the two lines needed 

for the strain measurement were taken from the mid section of the gauge length. 
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Figure 4.11 Comparison of calculated stress-strain data with that from image analysis for 

rectangular dumbbell samples tested at 100 mm/min. 

Figure 4.12 Typical uniform deformation obtained from the rectangular sample. 

The effect of geometry was investigated by comparing "image analysis" stress-

strain data for both the CFE and rectangular dumbbell specimens. The results are 

shown in Figure 4.13, indicating that the "true" fundamental tensile properties of 

dough are obtained. 
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Figure 4.13 Effect of geometry on stress-strain curves. For purpose of clarity error bars are omitted. 

4.5.2 Effect of Specimen Size 

A further study was conducted to investigate the size effect on the stress-strain 

relationship using the rectangular dumbbell sample. This was performed by 

changing the width of the sample. Two rectangular specimen geometries were 

used. The first sample geometry tested maintained the original sample dimensions 

of width 6mm and thickness 3mm. The second sample geometry tested had a 

width of 12mm and thickness of 3mm. Therefore, the width / thickness (w/t) 

aspect ratio for the two geometries is 2 and 4 respectively. For both geometries the 

gauge length was maintained at 25mm. The samples were tested at constant 

crosshead speeds i.e. at 100 mm/min, which was chosen arbitrarily so that the 

initial strain rate was 4 min -1  for a gauge length of 25mm. Four replicate samples 

were tested and the average calculated stress-strain curve is shown in Figure 4.14. 

The results highlight that the measured tensile data are size independent. 

Figure 4.15, illustrates the variation of the "calculated" strain with time for the two 

geometries tested. This implies that the longitudinal strain is not affected by an 
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increase in width, and that the change in strain rate during testing remains the same 

for both samples. 

45 

Figure 4.14 Size effect on the stress-strain curves for rectangular specimens tested with two 

different width / thickness ratios (w/t). 
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Figure 4.15 Comparison of strain vs. time for rectangular specimens with two different aspect ratios 

(w/t). 
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(a) (b) 

Housing unit Sample mould 

4.5.3 The Effect of Heating. 

Heating the specimen at the clamp region could have an effect on the adjacent 

gauge length and hence have an unwanted effect on the measured properties. The 

initial method for the application of heat using a single PTC heater was a total of 8 

minutes for the rectangular dumbbell specimen (2 minutes for each face), and 30 

minutes for the CFE specimen (15 minutes for each face). This was considered to 

be too long and could result in a change in the structure of the gauge length 

material. A way to overcome this was to change the heating method where by heat 

is applied simultaneously on all the specimen clamp faces and to remove this 

applied heat immediately from the clamp region using a refrigerant coolant spray 

(RS suppliers). 

A specially constructed housing unit to hold four PTC heaters was designed and 

manufactured (see Figure 4.16). A preliminary investigation was conducted to 

determine whether the new method of heating and heat removal, affected or altered 

the temperature of the sample's gauge length. For this investigation, the 

rectangular dumbbell specimen was used. A K type thermocouple probe was used 

to measure the temperature at the mid portion of the sample for both the old and 

new methods of heating. The results are tabulated in Table 4.1. 

Figure 4.16 Modified heating unit for the rectangular dumbbell specimens with two PTC heaters 

held in position inside the housing unit. By sandwiching the specimen and its mould in the housing 

unit, each face of the specimen is heated simultaneously. a) Four PTC heating unit, b) Mould 

placed on its edge to heat one specimen face. 
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Heating method 
Total heating time 

(sec) 

Sample temperature at 
mid point after heating 

°C 

Old 480 27-29 

New 20 21-23 

Table 4.1 Comparison of temperature rise at mid point of gauge length using the two heating 

methods. 

From Table 4.1 it is evident that the new method of heating is a very effective way 
to heat and hence "dry" the clamp region without significantly affecting the 

original gauge length temperature. Cross sections of the middle section (sectioned 
using a surgical knife) viewed on a Nikon optical microscope further confirmed no 

visible changes to the surface characteristics of dough. The optical microscopy 

images for a fresh sample, old and new method of heating are shown in Figure 
4.17, Figure 4.18, and in Figure 4.19 respectively. It is reasonable to deduce from 

the images that there are no sudden textural changes due to heating of the dough 
along the gauge length. But a clear distinction in the surface characteristics of the 

heated dough within the clamp region is evident i.e. the surface characteristics in 

Figure 4.19c (surface under the clamp area) are very different to the surface 

characteristics of Figure 4.19 a and b (gauge length region). 

Stress-strain results for rectangular specimens heated with the old and new method, 

and CFE specimens heated with the old method are shown in Figure 4.20. From 

the results it is clear that the application of heat has not affected the properties of 
dough and true material properties of dough can be obtained using any of these 

methods. 
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a) 	 b) 

Figure 4.17 Cross sectional views of the gauge length for a fresh specimen without heating. a) 

middle, b) 8mm from the middle. 

a) 
	

b) 	 c) 

Figure 4.18 Cross sectional views of the gauge length for a specimen heated using the old method. 

a) middle, b) 8mm from the middle, c) under the clamp area. 

a) 	 b) 	 c) 

Figure 4.19 Cross sectional views of the gauge length for a specimen heated using the new method 

(magnification x 5). a) middle, b) 8mm from the middle, c) under the clamp area. 
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Figure 4.20 Stress-strain relationship for the rectangular specimens heated with two different 

methods, and CFE specimen heated with the old method. 

4.5.4 Variation of Stress-Strain with Speed 

Dough is a viscoelastic material, therefore its properties are dependent on test rate. 

Two constant crosshead speeds of 10 and 1000mm/min were performed so that the 

initial strain rates were 0.4 min -1  and 40 min -' respectively for a sample gauge 

length of 25mm. The tests were conducted on a rectangular dumbbell sample and 

also with a newly developed cylindrical "I" shape sample (see Figure 4.21a for 

dimensions). The cylindrical "I" shape sample had the same specimen dimensions 

as the CFE specimen but with the exclusion of the flared ends. In replacement of 

the flared ends, two cylindrical thin discs ends to form the shape of an "I" from its 

side view were introduced. The same methodology of sample preparation for the 

CF.E, specimen was followed. Note in this case, heating is not necessary; the thin 

disc ends were allowed to air dry naturally during the sample relaxation period 

because of their small dimensions (see Figure 4.21b). These rigid ends were used 

to increase the surface area, hence achieving good adhesion as well as eliminating 

material flow from the glued region. The reason for using the cylindrical "I" 

sample as opposed to the CFE specimen is because of the small preparation time 

required as well as the advantage of no heating needed. 
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Figure 4.22 shows the variation of stress-strain with speed for both the rectangular 

dumbbell and cylindrical "I" samples. Each curve is an average "image analysis" 

stress-strain curve taken from four replicate specimens. The scatter within the set 

of data was small. Furthermore, the "calculated" stress-strain data agreed well with 

the "image analysis" data. The dependency of the tensile properties to rate is 

evident as expected. 	Good agreement is observed between the rectangular 

dumbbell and the cylindrical "I" sample further confirming that heating of the 

clamp region has negligible effect on the measured tensile properties of dough and 

that sample geometry does not have an effect on measured properties. Figure 4.23, 

further illustrates the uniform deformation obtained along the gauge length for the 

cylindrical "I" sample. 

016 

46 

CU 

(a) 	 (b) 
Figure 4.21 a) Geometry for the cylindrical "I" specimen mould (all dimension in mm). b) 

Cylindrical "I" sample left to relax for 45 minutes in its mould. 
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Figure 4.22 Effect of speed on stress-strain curves 

Figure 4.23 Typical uniform deformation obtained with cylindrical "I" samples. 

4.5.5 Effect of Gravity on the Specimen 

Horizontal tensile tests were conducted with rectangular and cylindrical "1" 

specimens at constant crosshead speeds of 10 and 1000 mm/min. The tests were 

performed with the Instron placed horizontally as shown in Figure 4.24. 

Performing the tests in this orientation will ensure that the gravitational force does 

not have an effect on the data. The stress-strain data from image analysis are 

presented in Figure 4.25. Again the results from the rectangular dumbbell and 

cylindrical "I" samples agree well. The stress-strain data for the vertical and the 

horizontal tests are compared in Figure 4.26. These results show that there is no 
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significant effect of gravitational force on the stress-strain response, hence the 

weight of the specimen can be considered to be negligible. However, if the tests 

are performed with an increased gauge length (above 25mm) without increasing the 

cross sectional area of the specimen, it is possible that the weight of the specimen 

will be significant. The remarks stated above are true for the sample dimensions 

chosen (see Figure 4.4b and Figure 4.21 a for rectangular and cylindrical "I" 

samples respectively) in this study only. 

a) 
	

b) 

c) 

Figure 4.24 Experimental investigation conducted to study the effect of gravitation on the tensile 

specimens. a) Instron 5543 placed horizontally, b) A typical horizontal tensile test on a rectangular 

dumbbell specimen, c) A typical horizontal tensile test on a cylindrical "I" specimen. 
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Figure 4.25 Stress-strain curves from horizontal tests. 
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Figure 4.26 Comparison of vertical and horizontal stress-strain curves obtained from image 

analysis. 

4.5.6 Measurement of Poisson's Ratio 

The incompressibility assumption of dough was also investigated. For an 

incompressible material, a Poisson's ratio (v) of 0.5 should be obtained. The 
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measurement of v was achieved by performing tensile tests on cylindrical "r 
samples at a constant strain rate of 5 min' on both normal and de-gassed dough 

samples. The samples were de-gassed by placing them inside a vacuum oven, 

which partially eliminates the atmospheric pressure inside the oven causing any 

trapped air bubbles to escape from the dough. It is believed that degassed dough 
should contain a smaller percentage of trapped air bubbles as a result of the 

degassing process. 

The lateral strain was measured using two methods. The first method required the 

measurement of the sample diameter from the images taken during the deformation 

process. The diameter of the specimen was obtained from the number of pixels 

between the left hand edge and the right hand edge of the specimen in the images. 
The edges were detected by comparing the greyscale value in the background of 
the images (dark) with the greyscale value of the specimen (bright). The average 

diameter was calculated in terms of the number of pixels which was then converted 
to the actual length in mm. The second method involved the measurement of the 
sample diameter using a laser measuring head called Zumbach diameter measuring 

head unit which was loaned by General Mills (see Figure 4.27). The edges of the 
diameter were detected with the measuring head by scanning the sample with two 

parallel laser beams. These laser beams cross the measuring field perpendicular to 
each other. When an object crosses the measuring field a shadow is cast onto the 

receiving sensor which is then converted into an electrical signal. The signal was 

captured on to a PC and processed using a data acquisition software (Pico). The 
measuring head was positioned onto a tripod and continuously moved up and along 

the specimen gauge length during testing. This was conducted to maintain a 
measurement in the middle of the specimen gauge length. The measuring head was 
calibrated with a range of silver steel rods of known diameters. The results are 

shown in Figure 4.28. 
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Figure 4.28 Zumbach laser diameter measuring head calibration curve. 

In Figure 4.29, the average values of the measured lateral strain using the laser 

method are plotted against the axial strain obtained from equation (4.1) for both 

normal and degassed dough samples. Although there is some scatter in the 

measurement, it is clear that the material can be considered as almost 

incompressible. In Figure 4.30, the average values of the measured lateral strain 

are plotted against the axial strain determined via the image analysis method. The 

results further suggest that the material can be considered as almost incompressible. 

The reason for both normal and degassed dough showing a small increase of 

Poisson's ratio above 0.5 at large axial strains is due to the trapped air bubbles 
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inside both materials. It is believed that during deformation, the air bubbles will 

eventually stretch and burst, causing air to escape from the dough, resulting in a 

reduction in volume and a Poisson's ratio larger than 0.5. The removal of air from 

the degassed process should have made the material fully incompressible, but it is 

unlikely that all of the trapped air bubbles within the dough was exhausted, 

particularly air bubbles in the middle of the sample thickness. The air bubbles in 

the middle of the sample thickness are most likely to have been constrained by the 

surrounding material during the degassing process. 

1 	1.5 
	

2 
	

2.5 
Axial strain 

Figure 4.29 Measurement of Poisson's ratio of normal and degassed dough using the laser method. 
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Figure 4.30 Measurement of Poisson's ratio of normal and degassed dough using the image analysis 
method. 

4.6 Conclusions 

Three specimen geometries have been investigated for tensile measurements. 

Improvements were made to the clamping techniques and material flow from the 

clamp region into the gauge length during testing was eliminated. The 

improvements have enabled uniform deformation along the gauge length and true 

stress-strain data to be obtained. The true stress-strain relationship was shown to 

be geometry independent, as expected. The application of heating and drying the 

clamp region of the specimen has shown to have a negligible effect on the 

measured tensile properties of dough. Furthermore, this study has shown that for 

the geometries investigated, the weight of the specimen i.e. the effect of gravity has 

a negligible effect on the measured stress-strain data. 

The measurement of Poisson's ratio has shown that dough can be considered as 

almost incompressible. Degassing the dough to remove trapped air bubbles was 
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not successful. This is because the degas process was not fully able to remove all 

the trapped air bubbles within the material. 

For future testing, the cylindrical "I" specimen is suggested for use, as the 

manufacture of this specimen is less time consuming as compared to the CFE and 

the rectangular dumbbell samples. The advantage of using the cylindrical "I" 

specimens is that heating the ends of the clamp region is not required which 

minimises the sample preparation time. It is also suggested that all future testing 

with the cylindrical "I" specimen should be performed at constant strain rate as 

opposed to constant crosshead speed. This is because with tensile tests conducted 

at constant crosshead speed, the rate of straining of the material is continuously 

changing during the deformation. Therefore, for materials such as dough which is 

rate dependent, it is desirable to perform tensile test at constant strain rate. 
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CHAPTER 5 

5 DETERMINATION OF TRUE STRESS-STRAIN 

RELATIONSHIP FROM THE BIAXIAL INFLATION TEST 

5.1 Introduction 

An alternative to the uniaxial tensile and compression tests is the bubble inflation 

test. This test involves inflating a sample in the shape of a thin disc clamped at its 

circumference into a spherical 'bubble' by volume displacement of air using a 

piston (see Figure 5.1). The top of the inflated bubble is effectively in a state of 

equi-biaxial tension. 

Figure 5.1 Schematic of bubble inflation rig 

-72- 



Early attempts were made by Hlynka and Barth [1955] to derive the fundamental 

biaxial properties of dough using the inflation technique with compressed air. 

They assumed that the dough stretches into a bubble, which is part of a sphere with 

a constant wall thickness. This assumption has been regarded as a gross 

approximation as considerable non-uniformity in the thickness of the bubble exists; 

it is much thinner at the top than at the base of the bubble [Denson and Gallo 

1971]. Bloksma [1957] derived an analysis that attempts to take into account this 

non-uniformity in thickness. His analysis has been used in practically all later 

research without any reservation with the exception of Launay, et al. [1977] who 

performed time-lapse photographic studies to investigate the accuracy in some of 

the analytical expressions in Bloksma's work. They found that they were accurate 

only at moderate bubble volumes and airflow rates. 

Charalambides, et al. [2002] conducted bubble inflation tests with a modified 

inflation rig designed and manufactured at Imperial College. The analysis 

proposed by Bloksma was investigated by comparing analytical stress-strain data to 

experimentally derived data. In the work of Charalambides, et al. [2002], 

independent experimental measurements of bubble pressure, bubble height, radius 

of curvature at the bubble top, strain and thickness were undertaken to obtain the 

true stress-strain curve. The latter experimental measurement was conducted by 

interrupting the inflation process at various bubble heights smaller than the failure 

height. The bubble was then allowed to dry at room temperature. Once the bubble 

top was dry, a section was cut out and the thickness was measured using a digital 

micrometer. From this work it was found that, at the top of the bubble, the 

analytical strain was larger and the thickness was much smaller than the 

experimental values. The bubble wall thickness distribution was more uniform 

than the analytical predictions. The discrepancies in bubble height, radius of 

curvature, strain and thickness had a major effect in the analytical stress-strain 

curve, as both stress and strain were overestimated, the stress being in error by a 

factor of four at large strains. Therefore, it was suggested that for an accurate 

measurement of the stress-strain behaviour in biaxial deformation, the bubble 

inflation test should only be undertaken if each individual parameter is 

experimentally measured during the test. However, it was also highlighted that the 
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measurement of the bubble thickness from the drying method may not be ideal as 

effects due to dough shrinkage during the drying period and/or dough relaxation on 

interruption of the inflation might be introduced. These effects are difficult to 

quantify, and a better method is needed which would allow continuous thickness 

measurement during inflation. 

Therefore, the main aim of this study is to develop and implement a new method 

for continuous measurement of the thickness at the top of the bubble during 

inflation. This is to be achieved by shining a light centrally inside the bubble and 

continuously measuring light intensity (emerging from the top of the bubble) 

transmitted through the bubble using a photometer. As the volume of the air inside 

the bubble increases, its thickness at the top reduces which leads to an increase in 

transmitted light intensity. Using this method of measurement together with 

individual experimental readings of strain, radius of curvature, bubble height and 

bubble pressure, the true stress — strain relationship of dough under equi-biaxial 

loading conditions will be determined. Specifically, the accuracy of the analysis 

proposed by Bloksma will further be investigated by comparing with independent 

experimental measurements of bubble height, strain and thickness. 
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5.2 Analysis 

5.2.1 Bloksma's Analytical Method 

As mentioned earlier, Bloksma [1957] proposed an analytical procedure for 
calculating the stress and strain at the top of the bubble from experimentally 

measured parameters. The analysis is based on the following assumptions: 

1. the dough is incompressible, 

2. the bubble is spherical and 

3. each dough particle is shifted normally to its surface during inflation (see 

Figure 5.2). 

Figure 5.2 Geometry of bubble expansion. 

As the bubble inflates, the wall thickness reduces. However, due to the non-
uniform deformation along the surface of the bubble, the thickness at the top is 

smaller than the thickness at the base of the bubble close to the clamp and a 
thickness distribution arises. Bloksma [1957] derived the following relationship 

describing this distribution: 
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Where, to, is the original sample thickness, ab  the original sample radius, /2, the 

bubble height and t the thickness of the small element whose original position is 

described by the distance, s, from the centre of the sample (see Figure 5.2). Note 

that the path of the element shown in Figure 5.2 by two arcs, is determined by the 

third assumption stated above, i.e. that each element is shifted normally to itself 

during inflation. The thickness at the top of the bubble, tt, is then derived by setting 

s = 0 in equation (5.1): 

It = to 1  ± ( hl 2  ab 2 ) 
	

(5.2) 

The height of the bubble can be calculated by considering the volume, Vb , of the air 

enclosed in the bubble: 

Vb  = 6hb (3ab2  k2) 
	

(5.3) 

This volume can be calculated via two methods: 

(a) assume that the pressure, P, is so small that V is equal to the volume of air 

displaced by the piston, i.e. incompressible behaviour of the air, and 

(b) use perfect gas law at constant temperature (PVb  = constant) to derive the 

new volume of the displaced air enclosed in the system and hence in the bubble. 

Both assumptions have been investigated in previous studies by Wanigasooriya 

[1999] and Woo [2000], and it was found that there is negligible effect on the 

results. Thus, assumption (a), which involved the simplest calculation, will be used 

throughout. In that case Vb  is given by: 
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Vb  = AS 	 (5.4) 

where A is the cross sectional area of the piston (7.9x10"3  m2) and 5 is the piston 

displacement. Equation (5.3) is solved for hb  using the Newton-Raphson 

numerical method. 

Considering the geometry of the bubble, the radius of the bubble, R is given by: 

R  _ ab2 + hb 2 
2hb  

Using the incompressibility assumption i.e. ex  + cy  + a, = 0 together with equation 

(5.2), the planar strains ex  , ey  and the strain through the thickness, ez , at the top 

of the bubble are given by: 

h 2  ez  = e = —lez  = —11n 	=ln 1+ bz 2 	2 to 	a 

Finally, the stress, a, is calculated from the usual relationship for a pressurised 

spherical vessel: 

PR 
6=- 

24 ( 5.7 ) 

where P is the pressure inside the bubble. Therefore, Bloksma's analytical solution 

allows stress and strain at the top of the bubble pole to be derived from 

measurements of bubble pressure and volume only. 

(5.5) 

(5.6) 
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5.2.2 Experimental Method 

For the experimental work the following parameters are to be measured. The 

parameters are: 

1. The pressure P within the bubble. 

2. The radius of curvature of the bubble (I?, ). 

3. The wall thickness at the top of the bubble (t,,, ). 

4. The strain at the top of the bubble (sexp ). 

The measurement procedure for each parameter will be explained in section 5.4.2. 

These parameters are used to obtain the experimental stress-strain relationship, 

which will be compared with Bloksma's analytical solution to verify the accuracy 

of the latter. 

The experimental stress, ce  , is calculated from: 

Cr  exp 	2t,,exp 

The experimental planar strain, s e„p  , calculated from image analysis between two 

markers is: 

6 =ln 
current measured distance 

exp original measured distance 

The length between the two markers was obtained by measuring the number of 

pixels between the two lines of a grid painted on the bubble top prior to testing. A 

CCD camera is positioned at the top of the inflation rig such that the deformation 

of the grid at the top of the bubble is captured. The digital images are then 

transferred on to a PC and analysed using image analysis software (Image J). More 

details of this measurement procedure will be explained in a later section. For 

clarity, the grid deformation measurement is similar to the strain measurement 

conducted in the uniaxial tensile test study (see section 4.4.2). 

PR, 
(5.8) 

(5.9) 
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5.2.3 Semi-Experimental Method 

The semi-experimental method is based on only one assumption, i.e. that dough is 

incompressible. The following relationship can be derived from equation 5.6: 

t  t,semi—exp = t 0e 	 (5.10) 

so that the thickness can be derived by substituting the experimentally measured 

strains in equation 5.10. The semi-experimental stress, Cr  semi—exp is then calculated 

from: 

Crsemi—exp =  
PR, 

(5.11) 2tt,semi-exp 

Except for the thickness and stress, all other parameters used in calculating semi-

experimental stress-strain curves are obtained from experimental measurements. 

This method would eliminate the need for measuring the thickness, but it relies on 

the assumption of incompressibility, which may introduce errors. 	The 

development of an independent thickness measuring technique will provide further 

information on the validity of the semi-experimental method and hence the 

incompressibility assumption. 

5.2.4 Experimental Calculation of Poisson's Ratio (v ). 

Hooke's law applied to bi-axial loading leads to the following relationship between 

the strains ex  and cz  : 

2v 
ez = —1— v 

The strain through the thickness, Ez  , obtained experimentally is: 
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ez  = In 
to 

 

(5.13) 

  

Substituting equation (5.13) into equation (5.12) leads to: 

2v 
In tt  exp  =1n 

1 — v ex (5.14) 

Rearranging gives: 

1 
t,exp v= 

2E, + In tytt.exp 

(5.15) 

Therefore, the Poisson's ratio of the dough was calculated from knowledge of the 

initial sample thickness and the experimentally measured planar strain and pole 

thickness. 

5.3 	Development and Calibration of the Thickness Measurement Method 

5.3.1 Initial Design Concepts 

A successful technique for continuous monitoring of the thickness at the top of the 

bubble during inflation, should be: 

• non-tactile such that it does not interfere with the bubble inflation in any 

way, 

• easily incorporated into the existing inflation rig, 

• and safe to use. 

Different techniques employed in production industries for measuring thickness of 

thin sheets were initially investigated. One such technique, involves the 

positioning of a radiation source (e.g. an alpha or beta source) on one side of the 

sheet surface. The level of radiation passing through the surface will be dependent 

on its thickness and can be measured to evaluate the surface thickness. This method 

has been effectively employed in the paper industry. However, the use of a 
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radiation method was not ideal for reasons of safety. Constant close contact with 

the rig is required during set-up and inflation testing and the presence of a 

radioactive source would introduce an undesirable safety risk. Other techniques 

such as the ultrasound method employed within the automotive industry to measure 

lubricant film thickness were considered. However, it is unlikely that an 

ultrasound method could be easily incorporated into the bubble inflation test 

because of the highly attenuating properties of dough [Letang, et al. 2001]. An 

alternative method for measuring translucent surface thicknesses was considered. 

This involved the positioning of a light source on one side the surface. The 

intensity of the light emerging from the opposite side of the surface is measured 

using a photometer, which relates to the thickness of that surface. This method was 

chosen in measuring the thickness at the top of the bubble during inflation, as it 

could be easily incorporated into the existing inflation rig. 

5.3.2 Preliminary Investigation 

Incorporating the light source technique in to the existing inflation rig was initially 

investigated. Two light sources were considered and preliminary tests were 

conducted to determine their effectiveness. The first source was a laser beam and 

the second was a Halogen light bulb fitted to a fiber optical cable. The photometer 

used for measuring the emerging light was purchased from Fiber Optics Ltd with 

an operating range of 19.99µW —19.99 mW. The laser was from Spectra-Physics, a 

Class IIIb laser, with an output power rating of 8 mW. The 150 W Halogen light 

bulb was from SCHOTT, model KL1500-T. The inflation rig was attached to the 

Instron Testing Machine. The fiber optical cable was directly mounted on to the 

base of the inflation rig such that a beam of light was projected onto the underside 

of the bubble, as shown in Figure 5.3a. The laser beam was also projected at this 

orientation, but a mirror was used to change the beam's angle of entry to the 

underside of the bubble. The mounting configuration of the laser beam onto the 

inflation rig is shown in Figure 5.3b. The photometer was placed above the 

inflating bubble at a fixed distance from the base of the sample clamp. The 

intensity readings were captured on to a PC using a PICO data capture card. 
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Figure 5.3 Different configurations for projecting the light on to the inflating bubble a) halogen light 

source with fiber optical cable, b) laser beam. 

From the preliminary work, the Halogen light was found to be the safest and most 

effective light source for the measurement of the bubble thickness during inflation. 

One of the main concerns using the laser beam was the high risk of eye damage to 

the operator at direct exposure to the beam. In addition, inconsistent readings were 

obtained from the laser, due to scattering of its light at the pole causing a strong 

glow around the whole of the bubble. 

The inflation rig was modified such that the Halogen light source and its fiber 

optical cable could be inserted into the bottom base of the rig with ease. The main 

attachment unit was designed and manufactured from brass in house. Purchasing a 

unit from a distributor was not feasible due to the unavailability of the correct 

dimensions. The design shown in Figure 5.4 incorporated a pipe plug and pipe cap 

locking nut system, which is similar to a pneumatic tube-fitting unit. This method 

of attachment was employed, because the optical cable had to be dismounted after 

testing. 0' rings were used to seal the mating faces between the aluminium base of 

the rig and the brass nut. This guaranteed no air leaks and an enclosed air tight 

inflation system was still maintained. 
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Figure 5.4 Method of mounting the fiber optical cable to the inflation rig base. 

5.3.3 Calibration of the Thickness Measurement Method 

During inflation, the distance between the photometer and the top of the bubble 
continuously varies while simultaneously the thickness of the bubble also reduces. 

Both these effects cause a change in the light intensity reading, which had to be 
accounted for in the calibration stage. The main reason for the dependence of the 

intensity reading on bubble height is believed to be the diffraction of light through 

the sheet. The angle of diffraction of the light beam as it emerges from the dough 
sheet is considerably larger than that of the angle of diffraction of a direct light 

beam. Therefore, the light incident on the photometer increases as the dough sheet 

is moved towards it. This effect is highlighted in Figure 5.5. 
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Figure 5.5 Schematic showing light incident on photometer originating from light source at a) low 

dough sheet height and b) high dough sheet height. 

Calibration tests were carried out with various dough sheet thicknesses, ranging 

from 0.1 to 2.0mm. The method of sample preparation is described in a later 

section (section 5.4.1). Thicknesses between 0.2 up to 2.0 mm were prepared by 

placing them into a specially made clamping device (the latter also used in the main 

test) and flattened to the required thickness using a manual press. A Dial Test 

Indicator (DTI) was attached to the manual press to determine the required 

thickness. Applying the same method for thicknesses below 0.2mm was not 

possible without damaging the specimen. Therefore, these thicknesses were 

obtained by inflating an arbitrarily chosen pressed sheet (approximate initial 

thickness of 0.5mm) up to a predetermined height and then deflating the bubble by 

piercing the bubble at its base. The stretched sheet which deflates evenly around 

the clamp device was then used for the calibration. A thickness below 0.1mm was 

not possible as this was the minimum possible thickness obtainable before the 

bubble ruptured. 

The samples were then attached on to a specially made "clamping device holder" 

(an arm to hold the sample clamp in place during calibration) that was attached to 

the loadcell of an Instron testing machine. The base of the inflation rig together 

with the fiber optical cable was mounted to the bottom attachment of the testing 

machine (see Figure 5.6), such that the light source was projected onto the centre of 

the specimen. Each flattened sample was moved towards the photometer at a 
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Figure 5.6 Schematic representation of the calibration set up for thickness measurement. 

crosshead speed of 300mm/min from the base of the inflation rig up to a maximum 

distance of 85mm i.e. between the light source and the photometer. This distance 

corresponds to the maximum expected height of the dough bubble before burst. 

The photometer was positioned at a height of 100mm above the inflation rig base, 

and directly inline with the centre of the light source. This was performed by 

gradually altering the photometer position until a maximum intensity reading was 

obtained. Each sample thickness was measured after the calibration test using a 

digital depth micrometer (accuracy ± 0.005mm). The thickness was determined by 

placing the centre of the sample (calibrated area) on to a metal block. Then the end 

of the depth micrometer probe was carefully touched onto the top surface of the 

specimen, with the full thickness determined by pushing the probe through the soft 

sample onto the metal block. 

Connected to Instron loadcell 

The calibration data are shown in Figure 5.7. The height for each calibrated 

thickness is obtained directly from the displacement of the Instron i.e. the 

displacement of the flattened sample moved from the base of the inflation rig up to 

a distance of 85mm. Note the height range between 0 and 85mm also corresponds 

to the height at the top of the bubble during inflation. The Instron data and the 
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photometer data were recorded at the same sampling rate i.e. at 10 points per 

second. For any given bubble height and photometer reading, a thickness for the 

bubble can be calculated from these calibration curves using linear interpolation. 

The calibration test was repeated several times to investigate reproducibility and it 

was found that the reproducibility of the calibration data for different dough mixes 

(using the same mixing parameters) was good i.e. minimum scatter was obtained 

for the same thickness calibrated using different dough mixes. 

2.5 
sample thickness (mm) 

(I) 

0.5 

0 	10 	20 	30 	40 	50 	60 	70 	80 	90 

Instron displacement height (mm) 

Figure 5.7 Typical thickness calibration curves. 

However, calibration curves should be assumed to be valid only for inflation tests 

where dough has been produced under identical conditions. It is recommended that 

a new set of calibration data be obtained if it is believed that there will be a 

significant alteration to the opacity properties of the dough mixture. This might 

result from a degassing operation, a change in the dough mixing time, a new batch 

of flour, substantial ageing of an existing batch or an alteration in flour/water ratio. 

In order for the calibration curves to be valid, all calibration tests had to closely 

simulate the actual test conditions during inflation. 	Therefore, a further 
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investigation was conducted to determine the effect of test rate on the calibration 

plots and the effect of the bubble sidewalls. 

5.3.3.1 The effect of inflation rate 

During the inflation test, the rate at which the bubble top moves towards the 

photometer would be constantly changing. Therefore, to incorporate and to check 

this effect, a calibration test was conducted on a single predetermined sample 

thickness moved towards the photometer at various crosshead speeds. It was 

confirmed that the photometer readings for the thickness at any given height did 

not depend on the displacement rate, as would be expected. 

5.3.3.2 The effect of bubble sidewalls 

The flat sheets of dough used during calibration were different to that of the 

inflated bubble, because of the absence of bubble sidewalls. Bubble sidewalls 

would have the effect of blocking some background light from entering the bubble 

and thus making the inside of the bubble darker than the underside surface of a 

calibration sample. However, because the photometer was highly directional (it 

collected light shining normal to it) and was directed normally to the light source 

shining through the bubble top, the influence of light from other sources (i.e. 

background) on the photometer reading was assumed to be negligible. Therefore, 

the presence of bubble sidewalls was assumed to be negligible. This was verified 

by performing one calibration test where baking paper strips were attached around 

the circumference of the sample clamp device such that the underside of the 

calibration sample was surrounded by a cylindrical wall of baking paper. This 

simulated the presence of bubble sidewalls. The effect of the presence of the paper 

was found to be negligible when compared to calibration test results for the same 

sample without the paper. Hence it was concluded that the presence of bubble 

sidewalls during the inflation tests would not affect the photometer reading. 

To summarise, the above tests confirmed that the calibration curves could be 

confidently used in the analysis of the inflation test data. 
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5.4 	Experimental Procedures 

5.4.1 Test Setup and Specimen Preparation 

Simple flour/water dough was used for all tests. The material preparation is given 

in section 3.5.2. Similar sample preparation procedures to those described by 
Dobraszczyk [1997] and Dobraszczyk and Roberts [1994] were followed. The 

mixed dough was initially shaped to form a sheet through a rolling machine 

(supplied by General Mills). The dough was then placed on to a PTFE board 
coated with paraffin oil and further rolled into a sheet of approximately 6 mm in 

thickness with a Prtil, rolling pin. To prevent the development of an anisotropic 
material, the board was regularly rotated during rolling. The sheet was then 

covered with a cling film to prevent moisture loss and left for 30 minutes to allow 

the build up of stresses caused by rolling to relax. Circular disks were then cut out 

using a 50 mm diameter pastry cutter. Each disk was placed into a specially made 
clamping device and flattened with a manual press using a specially designed 

circular press-platen to form a sample with a thickness, to  , of 2 mm and a diameter, 

2ab  , of 55 mm (see Figure 5.8). A Dial Test Indicator (DTI) was attached to the 

manual press to determine the thickness. After the samples were prepared they 

were left at room temperature in a sealed polyethylene bag for a minimum of 45 

minutes before testing. A thin coating of paraffin oil was applied on the exposed 

surfaces to prevent drying of the samples. 

The bubble inflation rig was manufactured at Imperial College, based on the design 
by Dobraszczyk and Roberts [1994]. It was designed such that it could be mounted 

on a conventional Instron testing machine. The piston is attached on the crosshead 

of the machine. When the crosshead is displaced downwards, the air trapped in the 
system is displaced, thus inflating the dough sample (see Figure 5.4). The cross 

sectional area of the piston was 7.9x10-3  m2. All samples were tested at room 
temperature that was kept constant at 21 °C ± 1°C and at a constant relative 

humidity at 50% ± 5%. Two constant speeds of 50 and 500 mm/min were tested. 

The radius of the samples, ab , was 27.5 mm. 
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Figure 5.8 Manual press used to flatten sample to a thickness of 2mm 

5.4.2 Parameters Measured During Test 

This section will describe the independent experimental measurements and the 

analysis used to determine the experimental biaxial stress-strain data. 

5.4.2.1 Bubble pressure 

The pressure inside the dough bubble was continuously monitored via a 50-mbar 

pressure transducer (HCXM050D6V Farnell), which was calibrated prior to the 

tests using an airline and a manometer. A Pico data capture card was used to 

transfer the transducer signal to a computer. The displacement of the piston is 

recorded directly by the Instron so that gauge pressure - piston displacement data 

are obtained. 

5.4.2.2 Bubble height 

The height of the bubble was measured using a digital video camera positioned 

such that the side of the bubble was in view. A ruler was clamped onto the rig 

base, such that it was vertically aligned with the inflating bubble. The ruler was 

used for accurate calibration of the image analysis. The digital images were 

transferred on to a PC and analysed using an image analysis software (ImageJ). 
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5.4.2.3 Bubble radius at pole 

The same images used for measuring the bubble height were used to determine the 

shape of the bubble. The shape of the bubble was assumed to be elliptical, and the 

following relationship is used to describe its shape: 

f (x) = Py 1-  X 2 	 (5.16) 
ax  

where ax  represents the major axis and P y  represents the minor axis of the ellipse, 

as shown Figure 5.9. 

Figure 5.9 Side view of the inflated sample. 

The radius of curvature at the top of the bubble, R, is calculated by: 

R = [1+ f'(x)].Z 
	

(5.17) 
f"(x) 

-90- 



where, f' (x) and f"(x) are Rc  first and second derivatives respectively of the 

function f (x) evaluated at x = 0. 

The height of the bubble hb  can be written as: 

hb  = Q + f lab ) 	 (5.18) 

From equations (5.16), (5.17) and (5.18), an expression for R, is obtained: 

k= ab 2  + k2hb 2  
2121, 

where k is the shape factor, defined as the ratio-c  . For a perfectly spherical 
)6y 

bubble the major and minor axes should be equal and equation (5.19) reduces back 

to equation (5.5) for a spherical bubble. 

From the images, the boundary of the bubble was mapped into x-y pixel 

coordinates using a macro in image-analysis software (ImageJ). The macro picks 

out the pixel coordinates defining the boundary between light and dark areas. 

Pixel co-ordinates were then plotted in MS Excel. For each image, a curve was 

fitted to the boundary pixel x-y coordinates using the equation for the first and 

11 second quadrants of an ellipse: y = py  1— x 2  . This allowed values for the major 
cc 

axis ax  and minor axis Py to be determined, such that the bubble shape factor, k 

was determined and enabling the calculation of R. 

However, at short test times, when the bubble top was obscured by the clamping 

device, it was not possible to use this method to calculate k . Therefore at short 

test times, an average of the values obtained during the later stages of the inflation 

test was used. 

(5.19) 
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5.4.2.4 Strain at the bubble top 

The strain at the top of the bubble was measured by positioning a Hitachi Denshi 

CCD camera directly above the bubble. The strain during inflation was measured 

by analysing the deformation of an orthogonal grid painted on to the sample before 

inflation (see Figure 5.10). Food colouring (Supercook black) and a circular brass 

plate with vertical lines of 0.3mm width and a distance of 1.7mm between each line 

were used to produce the grid. The paint was air brushed on to the stencil giving 

28 lines in one direction. By rotating the stencil 90 degrees, lines in the orthogonal 

direction were obtained to form a grid. For effective lighting, a fibre optical ring 

light was used, which was positioned above the bubble. The distance between the 

camera lens and the top of the bubble was continuously decreasing during inflation, 

thus causing a change in the magnification factor. This was taken into account in 

the analysis by incorporating a calibration factor. Therefore, the experimental 

strain cexp  was determined using equation (5.9). 

Figure 5.10 Deformation of orthogonal grid at various strains 
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5.4.2.5 Thickness at the top of the bubble 

The thickness at the top of the bubble was continuously measured using a 

photometer positioned directly above a fibre-optical light source. The light source 

was incorporated into the existing inflation rig base with a specially designed 

clamping system. The photometer was positioned such that the height above the 

rig base was the same as that during the thickness calibration tests (100mm). A 

spirit level was used to ensure that the photometer was horizontal. For all 

experiments the unfiltered light source power was maintained at a constant 

photometer reading of 0.86mW. The photometer intensity was logged using a Pico 

data capture card, which was connected to a PC. Photometer readings were logged 

at a sampling rate of 5 points/sec during all inflation tests. Therefore, for a given 

photometer reading (Volts) and bubble height (mm), the thickness at the bubble top 

could be found using the photometer calibration plots shown in section 5.3.3. 

5.4.3 Incorporating the Thickness Measurement Method with the Experimental 

Test Setup. 

Ideally, it would be convenient to measure all the experimental parameters from a 

single inflation test. However, the experimental method for measuring strain at the 

bubble top conflicted with the proposed method for measuring thickness at the top 

of the bubble. The following conflicts were noted: 

• The optical ring used to illuminate the grid during inflation would cause 

interference to the photometer, which could not be accounted for during 

calibration. 

• It is very difficult to calibrate the thickness measurement method to account 

for the presence of grid ink. This is because, as the bubble grows, the 

spread of the grid lines at the top of the bubble could not be simulated 

during calibration. 
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• Simultaneous measurement of strain and thickness would require both the 

CCD camera and the photometer to be located directly above the bubble 

top, which was practically not possible. 

Therefore, it was decided that two sets of inflation tests to be performed from a 

single dough mix. From a single dough mix, ten samples would be prepared. 

Using five of these specimens, tests would be performed to measure the parameters 

of pressure, the radius of curvature, strain and height at the top of the bubble. A 

second set of replicate inflation tests, with the remaining five specimens, would 

then be performed to measure the parameters of pressure, radius of curvature and 

height, but thickness would be measured instead of strain. The average strain 

obtained from the first set of tests would be applied to evaluate strains during the 

second set of tests. Similarly, the average thickness obtained from the second set 

of tests would be applied to evaluate thicknesses during the first set of tests. The 

results for these tests will be combined to form an averaged stress-strain curve for 

each particular dough mixture. The common measurements of pressure, radius of 

curvature and height would be used to ensure consistency between the two sets of 

experiments. 
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5.5 Results 

The results presented in this section are all derived from tests where deformation at 

the bubble top was uniform. Samples conforming to a non symmetrical shape 

(lopsided bubble) were excluded. In these excluded samples, it was not possible to 

locate the bubble top at which equi-biaxial deformation existed. It is believed that 

the non-uniform deformation occurs due to the inhomogeneities within the 

specimen, introduced during the sample preparation stage. 

5.5.1 Validity of the Continuous Thickness Measurement Method (light source) 

In order to evaluate the accuracy of the continuous thickness measurement method, 

the thickness at the top of the bubble obtained from two different experimental 

methods were compared with the continuous light source method. These methods 

were: 

1. The Drying Method 

This is the same method used by Charalambides, et al. [2002] to measure the 

thickness at the top of the bubble. As mentioned before, the inflation test was 

interrupted at various heights and the bubble was allowed to dry. Once dried, a 

section was cut from the bubble pole and its thickness was measured using a digital 

micrometer. 

2. The Fresh Capture Method 

Again bubble inflation was interrupted at various heights. Using a surgical blade, 

the bubble was carefully and rapidly sectioned such that the dough at the bubble 

top collapsed and adhered onto the blade. The excess dough around the surgical 

blade was cut away using a pair of scissors. The thickness of the dough resting on 

the blade was measured using a digital depth micrometer. 
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The height at which inflation was stopped was recorded, allowing the thicknesses 

using the light source method to be estimated as well. Therefore, results obtained 

using the light source method could be compared with the results from other two 

methods. 

Results obtained from this investigation are shown in Table 5.1. The thickness 

estimated from the light source method is in good agreement with the fresh capture 

method. This reinforces confidence in the accuracy of the light source method in 

measuring the actual thickness at the top of the bubble. The results also reveal that 

thicknesses measured using the drying method are consistently below those 

measured by the light source method. This suggests that the drying method 

underestimates the thickness. This is inline with the findings from Charalambides, 

et g. [2002] which suggested that thickness would be underestimated by 

approximately 10% using the drying method. The underestimation of thickness 

from the drying method is the effect of shrinkage of the sample as a result of 

moisture loss. 

However, in this work, the results indicates that the difference between the dried 

and the fresh thickness at the bubble top is greater than 10%; and is nearer to 30%. 

Even with the effect of drying, the bubble radius and height remained nearly close 

to their original fresh values. Therefore, it seems likely that the decrease in volume 

associated with the loss of moisture (approx 30%) occurs predominantly as a result 

of shrinkage in the through thickness direction than in the planar direction of the 

bubble. Another factor that may influence the discrepancy between dried and fresh 

thickness could be due to the inaccuracies in the measurement of the dried 

specimens using the digital micrometer. It is possible that the micrometer exerts a 

compressive force, which will result in a smaller thickness reading than it is truly 

is. Table 5.1 also highlights, as expected, that Bloskma's analytical analysis 

underestimate thickness at the top of the bubble quite considerably. The analytical 

thickness determined using equation (5.2) shows an underestimation of 

approximately 48% (average) in comparison to the thickness measured by the light 

source method. This is because as stated previously, the simplifying assumption 
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made in Bloskma's analysis leads to the underestimation and this will be further 

discussed in a later section. 

Interrupted 
Bubble 
height 
(mm) 

Analytical 
Thickness 

(mm) 

Thickness 
From 

Drying 
Method 
(mm) 

Thickness 
From Fresh 

Capture 
Method 
(mm) 

Thickness 
From Light 

Source 
Method 
(mm) 

Error between Light 
Source Method and 

Fresh 
Capture/Drying 

Method 

Error 
between 

light source 
and 

analytical 
+40% 30.50 0.30 - 0.48 0.50 +4% 

31.00 0.29 0.30 - 0.45 +33% +36% 
38.00 0.18 0.24 - 0.34 +29% +47% 
39.00 0.16 - 0.33 0.32 -3% +50% 
40.50 0.11 - 0.25 0.24 -4% +54% 
42.50 0.13 0.15 - 0.22 +32% +41% 
58.00 0.07 - 0.17 0.16 -6% +55% 
60.00 0.06 0.1 - 0.15 +33% +60% 

Table 5.1 Comparison of various methods of measuring pole thickness 

5.5.2 Validity of Blokma's Analysis 

The accuracy of the analysis proposed by Bloksma was investigated by comparing 

experimental and analytical results. For clarity, only data from the 50mm/min test 

are presented. Similar findings were observed for the speeds of 500mm/min. 

5.5.2.1 The spherical bubble assumption 

The experimentally measured bubble height and that calculated using equation 

(5.3) are compared in Figure 5.11. Note that in Figure 5.11, for the purpose of 

clarity, error bars are omitted and for all samples tested the standard deviation was 

less than 10%. It is apparent that for heights less than 55mm the experimental and 

analytical values are in good agreement. For larger heights, a deviation is observed 

at a maximum of approximately 7% at heights equal to 85mm. This suggests that 

the assumption of a perfect spherical shape is only accurate at moderate strains. 

This is further supported by the results shown in Figure 5.12, where the 

measurements of the major and minor axes ax  and fly  respectively are plotted. It 

was observed that for ax  larger than 35mm, ax  was noticeably bigger than fly  . 

Note that at ax  larger than 35mm corresponds to a bubble height larger than 
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55mm. Furthermore, during the inflation test, the deviation from a perfect 

spherical shape was evident as at large strains the bubble conformed to a slight 

elliptical shape with a "flattened" top (see Figure 5.9) rather than maintaining a 

perfect spherical shape. In addition, from Figure 5.12, the bubble shape factor k 

which is the ratio of ax  /fly  shows that for bubble heights above 55mm, k is 1.075 

and for bubble heights smaller than 55mm, k is equal to 1.0. This finding is in 

agreement with previous observations by Launay, et al. [1977] and by 

Charalambides, et al. [2002]. They too discovered that the assumption of a 

spherical shape is only accurate at moderate strains. Because of the elliptical shape 

of the bubble at larger strains the radius of curvature, R , calculated by equation 

(5.5) will be in error. Therefore the correct radius of curvature, R„ at the top of 

the bubble should be calculated from equation (5.19) instead of equation (5.5). 

From this work the value of k =1, should be used for bubble heights lower than 

55mm and for larger bubble heights a value of k =1.075 should used. This 

approach should lead to a correct value for a , as long as the pressure, P , and the 

thickness at the top of the bubble, t„ are correct. 

Figure 5.11 Comparison of experimental and analytical bubble height 
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Figure 5.12 Accuracy of spherical shape assumption 

5.5.2.2 Comparison of analytical and experimental strain 

The data for strain measured directly at the top of the bubble by measuring the 

deformation of the painted grid are shown in Figure 5.13 and in Figure 5.14. The 

assumption of equi-biaxial deformation at the top of the bubble was investigated. 

This has been justified, as shown in Figure 5.13, where the strains in the two planar 

directions, ex  and cy  , are shown to be almost equal to each other. The measured 

strain and that determined analytically from equation (5.6) are compared in Figure 

5.14. It is clear that the analytical strains are larger than the experimental strains. 

This also suggests that the through thickness strain, cz  , at bubble top will also be 

smaller than predicted. Therefore, it is anticipated that the measured thickness at 

the top of the bubble should be larger than the analytical value (as already shown in 

Table 5.1). 
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Figure 5.13 Evidence of equi-biaxial deformation at the top of the bubble. 
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Figure 5.14 Comparison of experimental and analytical strain at the top of the bubble. 
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5.5.2.3 Comparison of analytical, experimental and semi-experimental thickness 

at bubble top 

The thickness at the top of the bubble was investigated. Analytical values were 

calculated from equation (5.2) and experimental values were obtained from the 

light source method. In addition, from equation (5.10), an extra set of thickness 

values termed "semi-experimental", tt senn-exp was obtained by substituting the 

experimentally measured strains into equation (5.10). This equation is based on 

only one assumption, that the dough is incompressible. The three sets of data are 

plotted versus inflation time in Figure 5.15. It is apparent that the analysis predicts 

a smaller value of thickness than the experimental thickness with an average error 

of approximately 55%. Furthermore, the semi-experimental thickness from 

equation (5.10) also underestimates the thickness. This is anticipated, as it was 

shown in Figure 5.14 that the actual strain, ex , at the top of the bubble is smaller 

than the analytical value. 	This is consistent with previous findings by 

Charalambides, et al. [2002]. It is believed that the analytical underestimation of 

the thickness at the top of the bubble is mainly due to Bloksma's third assumption, 

i.e. each dough particle shifts normally to itself during inflation. Charalambides, et 

al. [2002] found that the thickness distribution along the bubble was more uniform 

than what Bloksma's analysis estimated. This results in a larger actual thickness at 

the bubble top than is predicted by the analytical solution, which is similar to what 

has been found in this study. 

It is believed that the reason for the observed more uniform thickness distribution is 

the presence of strain hardening of the dough. During inflation, the top of the 

bubble will be subjected to a larger stress and strain than the surrounding region. 

The strain hardening effect will compensate for the increase in stress by stabilising 

any regions of localised thinning and spreading the load to the surrounding 

material. The effect of strain hardening will allow the bubble to grow to larger 

deformation before failure occurs, thereby maintaining a far more uniform 

thickness distribution along the bubble wall than Bloksma's analysis predicts. 
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Figure 5.15 Thickness at the top of the bubble 

5.5.2.4 Comparison of analytical and experimental stress 

Figure 5.16 shows the comparison of analytical and experimental stress data 

plotted against inflation time, which are calculated from equations (5.7) and (5.8) 

respectively. It can be clearly seen that the analysis overestimates the stress at the 

bubble top at all times during the test. This again can be explained by the 

underestimation of thickness at the bubble top. In both cases the pressure is 
determined experimentally. The spherical bubble assumption has been shown to be 

accurate only at moderate strains and in this work, it was shown that up to bubble 
height of 55mm, the spherical assumption holds and that for larger bubble heights a 

more elliptical shape is obtained. However, the main factor that contributes to the 

large difference between the analytical and experimental stress is the 

underestimation of thickness at the top of the bubble. 
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Figure 5.16 Comparison of experimental and analytical stress at the top of the bubble. 

5.5.2.5 Comparison of analytical, experimental, and semi-experimental stress-

strain relationship 

Finally, the stress-strain curve was investigated. For each inflation time, one 

experimental, one analytical and one semi-experimental point were derived such 

that corresponding stress-strain curves shown in Figure 5.17 were obtained. The 

experimental curve is the true curve because the strain was determined 

experimentally and the stress was calculated from equation (5.8) using 

experimental values of P, ttexp , and Rc . Note that the latter requires the values of 

hb  and k, which were also determined experimentally. The analytical and semi- 

experimental stress-strain curves are also shown in Figure 5.17. In the analytical 

case, the strain was calculated from equation (5.6). Both R and tt needed in 

equation (5.7) for the calculation of c , were calculated using equations (5.5) and 

(5.2) respectively. Therefore, in this case, the only experimental measurements 

that are needed are the pressure, P, and the piston displacement, i.e. the bubble 

volume, Vb . For the 'semi-experimental' curve, the stress-strain relationship was 

determined in an identical way to the experimental stress-strain relationship, apart 
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from the thickness, t„e„„_e„p  , which was calculated using equation (5.10), i.e. 

assuming the dough is incompressible. This was used in equation (5.11) to 

calculate the stress. Therefore, for this case the only experimental measurements 

that are needed are ee,, , P and R, (hence hb  and k) . 

From Figure 5.17, it can be seen that the analytical curve is in error. The stress is 

overestimated by a factor of approximately seven at large strains. The strain is also 

overestimated but by a smaller amount. From Figure 5.17, it can be seen the stress 

at large strains in the "semi- experimental" curve is still overestimated, this time by 

a factor of approximately two. Furthermore, the semi-experimental and analytical 

curves are very close to each other. This has no significance as the same instant 

during the inflation process corresponds to a different stress-strain point along the 

same curve. It is reasonable to conclude that the main key factor in the 

discrepancies between the analytical and the experimental stress-strain is due to the 

underestimation of the thickness in Bloksma's analysis. The findings in this work 

coincide with the findings obtained by Charalambides, et al. [2002]. They found 

that the stress at larger strains was in error by a factor of four compared to a factor 

of seven found in this work. This is because with the drying method, the thickness 

at the top of the bubble is still underestimated. 

Strain 

Figure 5.17 Stress-strain curves 
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5.5.2.6 Incompressibility assumption 

In Figure 5.18, the calculated Poisson's ratio using equation (5.15) is plotted 

against bubble inflation time. An average Poisson's ratio of 0.45 is obtained from 

the biaxial tension tests, which is different from the uniaxial tension test value 

where an average Poisson's ratio of 0.51 was obtained. Furthermore, from Figure 

5.17, the semi experimental curve which is based on material incompressibility 

does not agree well with the experimental stress-strain data. Therefore, the 

compressibility of the dough in biaxial deformation cannot be ignored as it has a 

large effect on the calculated stress values. 

In order to bring the semi-experimental data closer to the experimental data, the 

assumption of incompressibility needs to be relaxed. Incompressibility implies that 

the Poisson's ratio, v, is equal to 0.5. Therefore, for a Poisson's ratio , v , equal to 

0.45, equation (5.12) becomes, 

ez  = —1.64ex 	 (5.20) 

Therefore, the thickness at the top of the bubble can be calculated, and equation 

(5.10) becomes 

t  t,semi—exp = t 0e -1.64cm 	 (5.21) 

Note that the coefficient of cev  is now -1.64 rather than -2 in equation (5.10). 

Using this new thickness from equation (5.21) for the calculation of stress, gives a 

new stress-strain curve shown in Figure 5.19 (semi-experimental, v=0.45). The 

comparison of the original (semi experimental, v =0.5) and the experimental stress-

strain data are also shown. It is apparent that by a change of Poisson's ratio from 

0.5 to 0.45, the stress-strain data is shifted downwards. This change brings the new 

data very close to the experimental data. This highlights that if the Poisson's ratio 
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is known a priori, the independent measurement of bubble wall thickness is not 

necessary. 

0 	10 	20 	30 	40 	50 
	

60 
	

70 

Inflation time (sec) 

Figure 5.18 Measurement of Poisson's ratio 

Figure 5.19 Effect of Poisson's ratio on semi-experimental stress-strain curves. 

The effect of a change of Poisson's ratio of 0.5 to 0.45 was also investigated for the 

uniaxial tension test data. The example shown here are for data taken from a 
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constant strain rate test of 0.5 niin-1  for cylindrical "I" specimens. Therefore, for a 

Poisson's ratio , v, equal to 0.45, the instantaneous diameter, d , of the sample can 

be calculated from, 

d =D exp-0.45(e'il) 	 (5.22) 

Where, D , is the original sample diameter and, Eaxial  , is the strain in the axial 

direction of loading. Using this new diameter from equation (5.22) for the 

calculation of stress (in equation 4.4), gives a new stress-strain curve shown in 

Figure 5.20 (Poisson's ratio=0.45). The new curve is compared to the experimental 

curve as well as the calculation corresponding to v equal to 0.5. It is apparent that 

the stress-strain curve is shifted downwards approximately by an average of 15% 

when the Poisson's ratio is changed from 0.5 to 0.45. When a Poisson's ratio of 

0.5 is used, the calculated curve agrees reasonably well with the experimental 

stress-strain data. Therefore in the uniaxial tension test, when a Poisson's ratio of 

0.5 (incompressible) is used, a good agreement is obtained with the experimental 

stress-strain data. This is in contradiction to the biaxial tension test results. In the 

biaxial tension test, the incompressibility assumption has to be relaxed for a good 

agreement with the experimental stress-strain data. The reason for different 

Poisson's ratios obtained from uniaxial and biaxial tension test could be due to the 

trapped air bubbles in the uniaxial tension test bursting in the direction of loading 

at the initial phase of the test, thus forming an incompressible material. In the equi-

biaxial tension test, the trapped air bubbles within the sample may not burst at the 

initial phase of the test, but may expand further together with the material in the 

planar directions. Therefore the material is not fully incompressible. In other 

words it is possible that the loading condition affects the compressibility of the 

dough. 
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Figure 5.20 Effect of Poisson's ratio on uniaxial tension test data. 

Nevertheless, from the small differences in the Poisson's ratio obtained from both 

test data, dough can be still approximated as almost an incompressible material. 

However, attention should not be taken away from the fact that it is Bloksma's 

assumption regarding the wall thickness distribution that is the main factor for the 

discrepancy between the analytical and experimental stress-strain data obtained 

within the biaxial tension test. 

Finally, the biaxial experimental curves at both speeds conducted in this study are 

shown in Figure 5.21 and they will be assumed to represent the "true" stress-strain 

curves of the material under equi-biaxial tension. The error bars are set equal to ± 

one standard deviation. 
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Figure 5.21 Experimental stress-strain curves for biaxial tension test conducted at two speeds. 

5.6 Conclusions 

The main aim of this part of the study was to develop a method that can measure 

the true stress-strain relationship in equi-biaxial tension. The true stress-strain 

curve for dough under equi-biaxial tension has been determined. This was 

achieved by undertaking independent experimental measurements of strain, wall 

thickness and radius of curvature at the top of the bubble as well as applied 

pressure. 

A new method of continuously measuring the wall thickness at the top of the 

bubble during inflation using a light source and a photometer was developed. The 

calibration of this method was successfully achieved, in a manner which simulates 

the actual inflation test. For different dough mixes produced under same mixing 

conditions, the reproducibility of the calibrations was good. Therefore, there is 

confidence that the results obtained using the light source method give a reliable 

indication of the actual wall thickness at the top of the bubble. Furthermore, it has 

been shown that the thickness obtained from the light source method, compares 

well with the thickness determined from the fresh capture method with an average 
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error of ±3%. However, the thickness from the light source method disagrees 

(approximately +30% in error) with the thickness determined through the drying 

method. It is assumed that shrinking of the sample through the thickness direction 

during the drying process is the cause of the inaccuracy with this method. Note 

this is the same method implemented to measure the thickness at the top of the 

bubble in Charalambides, et al. [2002] work, who also suggested that the thickness 

would be in error by approximately 10%. 

However, the experimental measurements needed in order to derive the true stress-

strain curve are quite complicated and thus prone to experimental scatter as well as 

being time consuming. A much simpler and quicker way to derive the stress-strain 

curve with the aid of an analytical model was derived by Bloksma [1957]. 

However, it has been shown in this work that Bloksma's analysis leads to serious 

errors in the calculated stress-strain curve, with the stress overestimated by a factor 

of seven at large strains. This is due to the invalid simplifying assumptions made 

within the analysis. 

The first assumption in the analysis regarding the spherical shape has been shown 

to be accurate up to moderate strains and at larger strains it deviated from a perfect 

spherical shape to a slight elliptical shape with a "flattened" top. This was 

consistent with previous studies conducted by Charalambides, et al. [2002], who 

also found this deviation at larger strains. 

The assumption regarding perfect incompressibility was also found to be 

inaccurate. It was found that the incompressibility assumption needs to be relaxed 

approximately to a Poisson's ratio of 0.45 if accurate data are to be achieved. The 

compressibility is believed to be due to the trapped air bubbles within the sample, 

which may not burst at the initial phase of the testing, but may expand further 

together with the material in the planar direction of loading. 

The strain at the top of the bubble was also overestimated by Bloksma's analysis 

although by a much smaller amount than the overestimation in stress. In addition, 

the analytical wall thickness was not realistic. The experimental values for the 
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thickness at the top of the bubble were much larger than the analytical values. 

Therefore the actual thickness distribution is more uniform than the prediction from 

Bloksma's analysis. 

The implication of the large error in the analytical stress-strain curve is that future 

bubble inflation tests should only be undertaken when the experimental methods 

described in this study are employed. 
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CHAPTER 6 

6 CHARACTERISATION OF THE VISCOELASTIC 

BEHAVIOUR OF WHEAT DOUGH 

6.1 Introduction 

To make accurate predictions of the force/deformation relationship in product and 

process design calculations, the constitutive behaviour of the material must be 

known and be accurately described through mathematical models. Materials such 

as wheat flour dough which exhibit viscoelastic behaviour are commonly 

characterised through stress-relaxation tests. In this test, a step strain loading is 

applied and the stress is allowed to decay with time. 

However, in practice, the step strain tests are very difficult to perform and 

relaxation data are obtained from a ramp input at a finite initial loading rate. 

Because of the finite loading time, to  , that exists during the application of the strain, 

the stress decay at short times is not the same as that for a step strain test. In order 

to overcome this limitation, Goh, et al. [2003 and 2004] utilised a method to 

account for the material relaxation for cheese samples during the loading up stage 

through the use of the Leaderman form of the convolution integral [Williams 

1980]. They also developed a calibration procedure to determine the constitutive 

constants for a non-linear viscoelastic model from relaxation and uniaxial 

compression test data, which could be implemented into a commercial finite 

element analysis software (ABAQUS). 
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Therefore, the objective of this study is to characterise the strain and the time 

dependent behaviour of wheat flour dough utilising Goh's method. To predict the 

material behaviour of dough, a non-linear viscoelastic model was used [ABAQUS 

2004, Quigley, et al. 1995]. In this study, the constitutive constants will be 

calibrated from multiple modes of deformations i.e. uniaxial and biaxial test data. 

This will give better indication of the accuracy of the non linear viscoelastic model 

in fitting experimental data from more than one mode of loading. Specifically, this 

study will provide a method to develop the necessary constitutive constants which 

can then be used in the commercial finite element package ABAQUS as a means of 

a virtual tool for understanding and predicting the deformation behaviour of dough 

during the extrusion process. 

6.2 	Experimental Data 

For an accurate characterisation of the material behaviour during complex 

deformation processes such as extrusion, the constitutive constants obtained from 

multiple modes of deformation are needed. For this, the constitutive constants for 

dough were determined by calibrating the experimental data taken from uniaxial 

compression, uniaxial tension, biaxial tension, relaxation compression and loading-

unloading compression tests. 

The uniaxial compression tests were performed at constant true strain rates, s , of 

0.5, 5 and 50 min -1 , with an H/D sample aspect ratio of 0.5 (sample diameter 

40mm) and tested under lubricated conditions. The relaxation tests were performed 

by compressing the specimens at a constant true strain rate of 2.5 min-'to a desired 

strain level where the crosshead position was held constant thereafter for 20 

minutes. The use of higher strain rates during the loading up stage was not 

possible due to the increased amount of overshoot of the crosshead with increasing 

strain rate. In order to minimise sample drying during the relaxation period, the 

exposed surface of the specimens was coated with paraffin oil prior to testing. 
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The loading—unloading tests were performed by again compressing the specimens 

at a constant true strain rate of 2.5 min-1  up to a strain level of 0.05 and then 

unloading the specimen at the same rate. In order to separate the contact between 

the specimen and the crosshead platen, a thin plastic film was inserted between the 

specimen and the crosshead platen. The top side of the plastic film in contact with 

the platen was not lubricated, but the bottom side of the film exposed to the 

specimen was lubricated with silicone oil. In the absence of the thin film, the 

specimens would be pulled in tension during the unloading stage because of the 

adhesion of the specimen to the platen. 

Biaxial tension tests were performed at a constant crosshead speed of 50mm/min 

and 500mm/min and uniaxial tension tests were performed at constant strain rates 

of 0.5 min -1  and 5min -1 . The cylindrical "r specimens were used for the tension 

tests. The amount of time required to conduct all these tests for the calibration of 

the constitutive constants was taken into consideration. All the tests were 

conducted within a time frame of two months. This period of testing ensured that 

the age effects of the flour used to make the material were limited and that the 

calibrated constants were determined from consistent dough samples. 

The stress-strain data for the compression test are shown in Figure 6.1. The 

standard deviation error bars are set equal to ± one standard deviation. The strong 

rate dependency of dough is again highlighted. The relaxation test data at two 

strain levels are shown in a semi-logarithmic scale in Figure 6.2. For the purpose 

of describing these data, two time parameters are defined here. The total time, t, is 

defined as the time which has elapsed from the start of test, while to  is the time 

when the required strain is reached. It can be seen from the data that after t = 1200 

seconds, the stress has relaxed by more than 93% and appears to be still decreasing. 

Stress-strain data obtained from the loading — unloading test are shown in Figure 

6.3. It is apparent that even at small strain levels, an immediate recovery of the 

applied strain is not possible. Figure 6.4 shows the stress-strain data from the 

uniaxial tension test for both constant strain rates. Again, the average "image 
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Figure 6.1 Stress-strain curves from uniaxial compression tests. 
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Figure 6.2 Relaxation data at two strain levels tested at constant strain rate of 2.5 min-1  . 
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Figure 6.3 Loading — unloading data for one cycle. 

Figure 6.4 Stress-strain curves for uniaxial tension test. 
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Figure 6.5 Experimental stress-strain curves for biaxial tension test conducted at two speeds. 

6.3 	Constitutive Model 

6.3.1 Theory 

The dough is assumed to be homogeneous, isotropic and incompressible. The 

constitutive model, under step strain loading conditions in relaxation, is assumed to 

consist of separable strain (60(0) and time (g (t)) dependent functions, i.e., 

o(s, t) = co  (e)g(t) 	 (6.1) 

where cr is the stress at true strain £ and time t . There are various expressions for 

defining cro(e) and g(t). However, in Goh's and in this work particular attention is 

given to the form that is used in ABAQUS. In ABAQUS [2004], the viscoelastic 

model consists of two separable components, which represent the strain and the 

time dependent behaviour. For non-linear, large deformation, the strain dependent 

behaviour is defined by a hyperelastic strain energy potential. The time dependent 

behaviour is defined by the Prony series, which is expressed as, 
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g(t)= g. +1g, exp(-- t) 

	

i=1 

	 (6.2) 

where r are time constants, and g and go, are dimensionless constants related 

through: 

	

go, + Egi  =1 	 (6.3) 
1=1 

The number N defines the number of parameters in the model. The Prony series 

can be represented by the generalised Maxwell model (refer to Figure 2.1c), which 

consists of i number of Maxwell elements connected in parallel with an elastic 

spring. For this model, each g. is defined as, 

= 	
G. 

Go  = Go  

where G, is the modulus of the i th spring, G. is the modulus of the lone spring, 

and Go  is the instantaneous modulus, which is equal to the sum of all the Gi  terms 

and G,,. 

In equation (6.1) the function cro(c) represents the instantaneous stress-strain 

relationship since g(0) =1 and o-(6,0)= co(s). Also, g.cso(c) is the long term or 

equilibrium stress-strain relationship since g(00)= g. and cr(6,0o) = g.co(e). 

For any general loading condition, i.e. when a ramp test is performed instead of the 

step strain test, the strain history on the stress can be quantified by assuming the 

simple superposition principle. The total stress is given by the algebraic sum of the 

entire past loading history, with each loading step being independent of the loading 

history. In the limit of a continuous strain history, the total stress at time t is given 

by the Leaderman form of the convolution integral [Williams 1980]: 
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,(c  
cr(e,t)=10 s )do-  n )  as 

0 	 ds 

When substituting the Prony series equation (6.2) into the convolution integral 

equation (6.4), the convolution integral can then be split into the long term elastic 

and the viscoelastic contribution, 
N t 

cr(t)= gcoo-00+ E gi exp( 
t — sjacr°(s)ds  = gcoc o(t)+ Elzi (t) 

;_1 0 	 Z; 	as (6.5) 

where 1; (t) = f g, exp
[ t — s)  ac°(s)ds  . Note that the stress on the left hand side 

r 0 

of equation (6.5) is expressed in terms of the time t provided that the strain history 

e(t) is known. The solutions of the convolution integral can be fitted to the 

experimental data to obtain the material constants in cr0(e) and g(t). Although 

this 'direct' method is feasible for some hyperelastic functions, such as the 

Mooney-Rivlin and the polynomial strain energy functions, the convolution 

integral can become intractable for other forms of hyperelastic functions [Goh 

2002]. However, it is possible to compute the integral using an algorithm which is 

based on finite increments of time. This method has been discussed in detail by 

Kaliske and Rothert [1997] and Goh [2002]. For the time interval ( t„, t„„), the 

time step At is given as 	 = t At _ 	tn • The exponential expression, exp — 

can be split into 

exp(— 	= exp — exp t  
ri  

The stress term hi  at t„„ can be separated into two components. The first 

corresponds to the deformation history during the period 0 s s < t„ while the second 

relates to the time period tn 	t„4 . Thus, 

(6.4) 

(6.6) 
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t„„ t 	— s)dco(s) 
10,2+1 )= gi  exp( t

o +l  	ds 

At tn+1  — s do-0(s) 
= exp(— 	, (tn  )+ 	exp 

	ds 
( 	 

Ti 	 ds 

(6.7) 

The differential coefficient, 
do-0(s),  can be expressed in terms of discrete time 

steps, 

dcr (s)  
= 

. Acr (s) 
 = h cron+1 

— Co
n 

11M ° m 	 ds Lis-,0 As  At-40 At 
(6.8) 

Substituting equation (6.8) into equation (6.7) and solving the integral analytically 

leads to a formula for updating the stress 6(t„+1  ) in equation (6.5), 

6(tn+1) = g=060(tn+1) 
( 	 At 	 \ 

1 — exp(— 
zi  r i  \ 	i vi 

exp( A  )4 On  )+ gi 	dt 	L60kt,,+1 ) — co  v„ A 
ri   

-- 

Ti  
i 

Thus, the computation of the stress at any time can be made as long as the stress at 

the previous time step is known. Since the initial stress-strain state is normally 

known (e.g. a-  = c = 0 at t =0), the stress at any time t >0 can be calculated. The 

benefit of equation (6.9) is that the convolution intergral does not need to be solved 

analytically and various forms of the strain dependent function can be implemented 

without having to change the general form of equation (6.9). 

6.4 	Calibration of Material Constants for Use in ABAQUS 

The use of equation (6.9) to obtain the constitutive parameters from experimental 

data taken from different modes of deformation (i.e. data in section 6.2) is 

illustrated in this section. To use equation (6.9), the constitutive model has to be 

assumed beforehand. In ABAQUS, the large strain viscoelasticity is implemented 

E (6.9) 
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—3Jim  
Va2m 3  VA,2 22-1 _ 3  

1/22  +22-1  — 3 
a 

 
2 

in the form of a visco-hyperelastic model, with the assumption that the strain 

dependent material behaviour is independent of the time dependent material 

behaviour [ABAQUS 2004]. The time dependent behaviour in ABAQUS is 

defined by the Prony series. The strain dependent behaviour a-0(e) can be 

represented by any of the hyperelastic strain energy functions available in 

ABAQUS library. The, hyperelastic function chosen in this work is the Van der 

Waals function, which, for an incompressible material is expressed as, 

3  Umw  = -V/{(2m2  - 4141 	—3 	—  3 	2 a  (.11 3)2  22m 	_ 3 + A2m  _ 3  4" 3 	2  

where yi is the shear modulus, Am  is the locking stretch ratio and a is the global 

interaction parameter i.e. the interaction between the chains of the material 

[ABAQUS 2004]. Both Am  and a are dimensionless material constants. Only the 

dependence on I, was included, where II  = 4 + +4, A being the stretch ratios 

in the three principal directions. Under uniaxial deformation, 

= 	112 = 23 = 

where A is the stretch ratio in the direction of load. The uniaxial, time 

independent true stress is then given as a function of A as 

cro (A) 	clU = 
) 

(6.10) 

Under biaxial deformation, 
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1 
Ai= 112= A,  A3= - if 

The biaxial true stress is then given as: 

cro (a)
1 	/2. —3 	a  J222  +2,r4  —3  

1/4(' —  714, g_ 	3 — V2,12  +2-4  —3 V 

 

(6.11) 

 

The Van der Waals function was chosen in this work because this model was the 

most suitable model available in ABAQUS for fitting data collected from more 

than one mode of deformation. Generally, if experimental data is available from 

different modes of deformations i.e uniaxial and biaxial test data, it is 

recommended by ABAQUS [2004] that the Van der Waals form to be used as it is 

more accurate in fitting experimental results from different modes of deformation. 

It was proposed by Goh [2002] that the calibration of g(t) and o-0(e) to be done in 

two stages. In the first stage, the function g(t) to be calibrated using the relaxation 

test data obtained from a small strain level. The time constants, r were chosen so 

that each one was a decade of time apart and was within the total duration of the 

relaxation test which is 20 minutes. Therefore, five exponential terms (N=5) in the 

Prony series were used, corresponding to time constants of 0.1, 1, 10, 100, and 

1000 seconds for z to r5  respectively. 

This method of initially calibrating the function g(t) will provide a smooth 

relaxation spectrum but the strain dependent constants will not be accurate due to 

the small strain imposed in the relaxation test. Therefore, the second stage involves 

recalibrating the constants in the strain dependent function, cro(e). The strain 

dependent constants are recalibrated using the monotonic stress-strain data. The 

calibration was performed in Microsoft Excel using the Solver function to 

minimise the sum of the square of the errors between the experimentally measured 

and the computed stresses. The latter are calculated via equation (6.9) with the 
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function ao(e) given by equations (6.10) and (6.11) for uniaxial and biaxial tests 

respectively. 

In this work a similar procedure in calibrating the material constants as in Goh, et 

al. [2004] is followed. However, because experimental data are available from 

different modes of deformation, a parametric study was conducted to determine the 

set of material parameters that results in the best fit between the analytical model 

and the experimental data from various combinations of the mechanical test data. 

Therefore various calibrations were performed by fitting equation (6.9) together 

with the Van der Waals function of either equation (6.10) or equation (6.11) 

depending on the deformation mode to different combinations of mechanical test 

data. 

The following summarises the particular sets of experimental test data, which were 

used in the calibration of the material model: 

CASE 1 

• Relaxation tests at strain of 0.05 and performed at true strain rate of 

2.5 min -1 , for determining both the time dependent g(t) and strain 

dependent a(6) constants. 

CASE 2 

• As for CASE 1 but also recalibrating the strain dependent cro(c) constants 

using uniaxial compression tests performed at three different true strain 

rates of 0.5, 5 and 50 min-1. 

CASE 3 

• As for CASE 1 but also recalibrating the strain dependent cro(e) constants 

using uniaxial tension tests performed at two different true strain rates of 

0.5 and 5min -1 . 

CASE 4 

• As for CASE 1 but also recalibrating the strain dependent a(6) constants 

using biaxial tension tests performed at two different constant speeds of 50 

and 500 nun/min. 
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CASE 5 

• As for CASE 1 but also recalibrating the strain dependent cro(c) constants 

using uniaxial compression, and uniaxial tension tests. 

CASE 6 

• As for CASE 1 but also recalibrating the strain dependent 60  (8) constants 

using uniaxial compression, uniaxial tension and biaxial tension tests. 

CASE 7 

• As for CASE 1 but also recalibrating the strain dependent 60  (8)constants 

using uniaxial compression, uniaxial tension, biaxial tension and loading — 

unloading tests. 

CASE 8 

• Both the time dependent g(t) and strain dependent 0-0(0 constants 

determined simultaneously using uniaxial compression, uniaxial tension, 

biaxial tension, relaxation and loading — unloading tests. Therefore this 

case uses all the available experimental data. 

CASE 9 

• Both the time dependent g(t) and strain dependent o-0(c) constants 

determined simultaneously using uniaxial compression, uniaxial tension 

and biaxial tension tests. 

CASE 10 

• Both the time dependent g(t) and strain dependent cro (e) constants 

determined simultaneously using uniaxial compression, uniaxial tension 

and biaxial tension tests. However, two exponential terms (N =2) in the 

Prony series were used instead of five terms (i.e. CASE 9). Therefore, 

four parameters appear in equation (6.2), i.e. g,, g2, rl  andr2 . The time 

constants were set to 1 and 100 seconds as the maximum time span in any 

of the mechanical tests was 120 seconds. 

The usefulness of this parametric study is that the minimum amount of mechanical 

test data needed could be determined for an accurate characterisation of the 
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material behaviour. This will benefit future characterisation procedures of dough, 

especially in an industrial environment, where quick and routine characterisation of 

the material behaviour is needed to assist in optimisation of processing. 

Note that for calibrating the strain dependent constants only data up to a strain of 1 

were used from the uniaxial compression, uniaxial tension and biaxial tension tests. 

This is because from preliminary investigations, at larger strains the calibrations 

were not accurate. Furthermore, from preliminary investigations, the ability of the 

material model to predict relaxation behaviour at larger strain was poor. Therefore, 

relaxation tests at a strain level of 0.05 are used for calibrating the time dependent 

constants. The reason for the material model not being able to predict well with the 

experimental data at larger relaxation strains could be related to the damage 

occurring in the material during the loading up stage. The effect of damage is not 

included in the material model. Preliminary investigations on the loading-

unloading test data at larger strains also showed the calibrations not to be accurate. 

Therefore, this test was also performed up to a strain level of 0.05. 

For each of the ten cases mentioned above, the agreement between the material 

model and the experimental data is shown in Figure 6.6 to Figure 6.15. 

Furthermore, Table 6.1 to Table 6.10 summarises the material constants used in the 

model predictions shown in Figure 6.6 to Figure 6.15 respectively. 

In Figure 6.6, it is shown that when the calibration of the material model is 

performed using the relaxation data only (i.e. CASE 1), the resulting model 

predictions agree well only with the relaxation data. Poor predictions for the rest of 

the deformation modes are obtained. These poor predictions are due to the small 

strain imposed in the relaxation tests which in turn leads to inaccurate strain 

dependent constants. By recalibrating the strain dependent co(e) constants in 

CASE 2 i.e. now using uniaxial compression data at three different strain rates, a 

good prediction is obtained for the compression, relaxation and loading-unloading 

tests, as shown in Figure 6.7. However, poor predictions for biaxial tension and 

uniaxial tension are still obtained. In Figure 6.8, the recalibrated strain dependent 
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constants from the uniaxial tension data (CASE 3) lead to better model predictions 

as compared to CASE 2, as relaxation, compression, uniaxial tension and loading-
unloading behaviours are now all well approximated. For CASE 4, where the 

strain dependent constants are recalibrated using biaxial tension data, a good 
agreement for the compression and the two tension test data is obtained which is 

shown in Figure 6.9. However, the model prediction does not fit well with the 

relaxation and loading-unloading test data. 

Nevertheless, from these four cases examined so far, it can be concluded that when 

the time dependent g(t) and strain dependent cro(e) constants are calibrated from 

relaxation and biaxial tension test data respectively, a reasonable characterisation 

of the material behaviour for the various deformation modes can be obtained (i.e. 

CASE 4). Therefore, it can be concluded that the minimum set of test data needed 
to accurately calibrate the material model, are derived from the relaxation and 

biaxial tension tests. However, as it has been demonstrated in chapter 5, the biaxial 
tension test is quite a complicated test and therefore time consuming. 

So the next stage is to evaluate if a combination of test data i.e. compression and 
uniaxial tension test data which are both quick and relatively simple to perform, is 

sufficient to accurately calibrate the strain dependent constants of the material 

model. This is demonstrated in Figure 6.10 where the CASE 5 predictions are 
shown. The fit of the model to the experimental data is only good with the 

relaxation, uniaxial tension and loading-unloading test. For the biaxial tension and 
uniaxial compression the model prediction is good up to a strain of 0.8. This is 
similar to the predictions obtained when only the uniaxial tension test data was 

used for the recalibration (see Figure 6.8). However, when the biaxial tension test 
data is added to the uniaxial compression and uniaxial tension test data (CASE 6) 

and the strain dependent constants are recalibrated, a very good prediction of the 
model to all the test data is obtained, which is shown in Figure 6.11. Figure 6.12 

shows the model predictions for CASE 7. The only difference of CASE 7 from 

CASE 6 is that the former uses the loading-unloading data in the calibration of the 
strain dependent constants. It can be seen in Figure 6.12, that the predictions are 

-126- 



very similar to those obtained with CASE 6 (see Figure 6.11). Furthermore, the 

strain dependent constant values for CASE 7 (see Table 6.7) are not so different to 

the values shown in Table 6.6 for CASE 6. This demonstrates that the loading-

unloading test data is not necessary in the calibration of the material model. 

Therefore, it can be concluded that when the time dependent g(t) constants are 

calibrated from relaxation test data and the strain dependent cr0(c) constants are 

calibrated from uniaxial compression, uniaxial tension and biaxial tension test data 

(CASE 6), a good characterisation of the material behaviour for the various 

deformation modes can be obtained. However, the calibration procedure of g(t) 

and cro(e) is done in two stages and it can be considered to be time consuming. A 

much more effective way would be to calibrate all the constants in the material 

model simultaneously. 

Figure 6.13 shows the comparison of the model prediction with the experimental 

data, when all the mechanical test data described in this chapter are used to 

calibrate the time and strain dependent constants simultaneously (CASE 8). The 

model fit to all the experimental data is good. This demonstrates that when all the 

material parameters are calibrated simultaneously, better prediction is obtained in 

comparison to the predictions obtained when the model is calibrated in two stages 

with all test data (see Figure 6.12). Furthermore, if now the model was calibrated 

simultaneously with only uniaxial compression, tension and biaxial tension test 

data (CASE 9), almost the same predictions and material constants as for CASE 8 

are obtained. The predictions from CASE 9 and the corresponding material 

constants are shown in Figure 6.14 and Table 6.9 respectively. This highlights that 

the material model can be calibrated successfully with only uniaxial compression, 

uniaxial tension and biaxial tension test data. In other words, relaxation and 

loading-unloading test data are not necessary. When the number of the exponential 

terms in the time dependent constants is reduced from 5 to 2 terms and the model is 

calibrated simultaneously with uniaxial compression, tension and biaxial tension 

test data (CASE 10), the predictions for uniaxial compression, relaxation and 
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loading-unloading are not as good as for CASE 9. Figure 6.15 shows the 

predictions from CASE 10. 

To summarize, a very good characterisation of the material behaviour for various 

deformation modes can be obtained, when the material model is calibrated 

simultaneously with uniaxial compression, uniaxial tension and biaxial tension test 

data (i.e. CASE 9). Therefore, it is recommended to use the following test data to 

calibrate the material model: 

• Uniaxial compression test data at three different strain rates of 0.5, 5 and 

50min-1 . 

• Uniaxial tension test data at two different strain rates of 0.5 and 5min -1. 

• Biaxial tension test data at two constant speeds of 50 and 500 mm/min. 

However, it should be noted that for a minimum set of test data i.e. only relaxation 

and biaxial tension (CASE 4), a moderate characterisation of the material 

behaviour can also be obtained. 

Finally, these material constants can therefore be used in simulations of industrial 

processes such as extrusion, provided that the process times and deformations are 

similar to those used to calibrate the model. One of the main points that have been 

demonstrated from this work is the ease of use of the constitutive model for 

calibrating simultaneously the experimental data from different types of tests 

performed at different strain rates, which may also vary during the tests as in the 

biaxial tension experiments. 
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Figure 6.6 Comparison between model and experimental data for CASE 1. 
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Table 6.2 Summary of material constants 
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-131- 



1.2 0.6 
Strain 

0.8 1 0.01 	0.1 	1 	10 	100 
Time (sec) 

0 	0.2 	0.4 1000 10000 

(b) Uniaxial compression (a) Relaxation 

5 	 
4.5 - 
4- 

3.5 - 

12 1 1 12 0.8 

(d) Uniaxial Tension (c) Biaxial tension 

0.6 
Strain 

0 
0 0.6 

Strain 

0 experiment 
- model 

Table 6.4 Summary of material constants 

0.6 

0.5 

N50  
4% . 

0 
0.4 0  

0 
o 

06. 0 0 0 	.  •• • ........ 
.......... • • • 

............................ 

a 0 

(( 
a 

in 

4 

3.5 

3 

2.5 

2 a  

65 1.5 

0.5 

0 

0.2 	0.4 0.2 	0.4 

0.45 

0.4 

0.35 

0.3 a 
Y 0.25 

0.2 

0.15 

0.1 

0.05 

0 

o experiment 
-model 0 :0.  

0° 

0 
0 

0 
0 

0 

0 

00° 
0° 

Time Dependent Constants (CASE 4) Strain Dependent Constants  (CASE 4) 

Subscript i 1 2 3 4 5 00  Constants W ("Ii-Pa) Am  a 

gi 0.636 0.197 0.065 0.050 0.051 0.001 5.85 8.05 0.48 
ti (see) 0.1 1 10 100 1000 

0 0.01 0.02 0.03 0.04 0.05 0.06 
Strain 

(e) Loading - Unloading 

Figure 6.9 Comparison between model and experimental data for CASE 4. 

-132- 



o experiment 
- model 

1 1.2 0 	0.2 	0.4 	0.6 	0.8 

Strain 

o experiment 
-model 

4 

3.5 

3 

To' 2.5 o_ 
e 2 

1.5 

0.5 

0 

o experiment 
-model 

20 	 

18 - 

16 - 

14 

0_ 12 

10 - 
°2 

Time Dependent Constants (CASE 5) 
Strain Dependent Constants  

(CASE 5) 

Subscript i 1 2 3 4 5 00 Constants w (Us) A. a 
gi 0.636 0.197 0.065 0.050 0.051 0.001 7.83 5.85 0.78 

ti (sec) 0.1 1 10 100 1000 

Table 6.5 Summary of material constants 

0.01 0.1 	1 	10 100 1000 10000 

Time (sec) 

(a) Relaxation (b) Uniaxial compression 

4.5 	 

4 -

3.5 -

3 -

2.5 -

2-

1.5 -

1 -

0.5 - 

0 	 
0 0 	0.2 	0.4 

	
0.6 	0.8 
	

1 
	

12 

Strain 

(c) Biaxial tension 

o experiment 
- model 

0 0.01 0.02 0.03 0.04 0.05 0.06 
Strain 

(e) Loading - Unloading 

0.2 	0.4 
	

0.6 	0.8 
Strain 

(d) Uniaxial Tension 

1 
	

12 

0.45 

0.4 

0.35 

(17  0.3 

0.25 

°2 0.2 
N 0.15 

0.1 

0.05 

0 

Figure 6.10 Comparison between model and experimental data for CASE 5. 

-133- 



0.8 
0 

1000 10000 	0 0.2 0.4 0.6 

Strain 

4 

0.01 	0.1 	1 	10 	100 
Time (sec) 

(a) Relaxation 

3.5 

3 

TO 2.5 

2 

'61 1.5 

0.5 

(b) Uniaxial compression 

1 

o experiment 
model 

a 
Q_ 

to 
0( 

(15 

o experiment 
model 

......... 
.......... ....... ......... , ........... 

• ........... 

(d) Uniaxial Tension (c) Biaxial tension 

AO 

o experiment 
- model 00°0 .0° o  

0. 0 
0 
O 

O 

0.45 

0.4 

0.35 

it?  0.3 

▪ 0.25 

g 0.2 

tri 0.15 

0.1 

0.05 

0 

12 1 

1.5 - 

1- 

0.5 - 

0 	  
0 	0.2 	0.4 	0.6 	0.8 

Strain 
0 0.2 0.4 0.6 

Strain 

0.8 1 12 

8 	0 experiment 
- model 

7 

6 

• 5 

4 
(7) 

2 

1 

0 

Time Dependent Constants (CASE 6) 
Strain Dependent Constants  

(CASE 6) 

Subscript t 1 2 3 4 5 co Constants W (Id'a) /1.m  a 

g, 0.636 0.197 0.065 0.050 0.051 0.001 6.60 7.73 0.55 
t, (sec) 0.1 1 10 100 1000 

Table 6.6 Summary of material constants 

0 0.01 0.02 0.03 0.04 0.05 0.06 
Strain 

(e) Loading - Unloading 

Figure 6.11 Comparison between model and experimental data for CASE 6. 

1.2 

-134- 



Table 6.7 Summary of material constants 
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6.5 	Comparison of the Relaxation Spectrum with other literature 

The viscoelastic constants obtained from this work were compared with other 

published data on doughs. Phan-Thien and Safari-Ardi [1998] conducted 

oscillatory (dynamic) tests and shear relaxation tests on Australian strong 

flour/water dough in order to determine the relaxation spectra. They found that 

there was a good agreement between the relaxation spectra obtained from the 

oscillatory and the shear relaxation tests data. They reported G, values in 

logarithmic scale to range from 2.75 Pa and 3.70 Pa for the time scales of 104  sec 

to 10-3  sec respectively. In another work, Ramkumar and Bhattacharya [1996] 

conducted oscillatory and shear relaxation tests on cracker, soft and short cookie 

doughs. They reported G values in logarithmic scale to range from 2.5 Pa and 6.0 

Pa for the time scales of 104  sec to le sec respectively. 

Therefore, in order to compare data from literature with the viscoelastic constants 

obtained from this work, the gi  at each time constant are multiplied by the 

instantaneous modulus, Go , to obtain G. As the literature data are based on shear 

relaxation tests, the value of Go  can be assumed to be equal to the shear modulus, 

. As an example, the values of 	are calculated using CASE 9 material 

constants and are summarised in Table 6.11. As it can be seen in Table 6.11, the 

logarithmic values of G agree well with those found in literature (i.e. Phan-Thien 

and Safari-Ardi 1998 and Ramkumar and Bhattacharya 1996). 

-E (sec) 9 r G i = ygi(Pa) Log G i  (Pa) 
0.1 0.579 3821.4 3.58 
1 0.216 1425.6 3.15 
10 0.104 686.4 2.84 

100 0.045 297 2.47 
1000 0.055 363 2.56 

Table 6.11 G, material constants from CASE 9 
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6.6 	Verification of the Constitutive Constants in ABAQUS 

Once the time dependent and the strain dependent constants are determined, the 

accuracy of these constants when implemented into ABAQUS was investigated. A 

single-element test simulation in ABAQUS was performed to verify the accuracy 

of the material constants, by comparing the experimental data and the model 

prediction (equation (6.9)) with the numerical predictions from ABAQUS. As an 

example, the "CASE2" constants were used and the predictions from ABAQUS for 

uniaxial compression and the relaxation tests are shown in Figure 6.16a, and Figure 

6.16b respectively. It can be clearly seen that the ABAQUS predicts the same 

behaviour as those from the model prediction (equation (6.9)). This demonstrates 

that the constants obtained from the calibration procedures are correct and they can 

be implemented into ABAQUS. 

Figure 6.16 Comparison of FEA predictions with equation (6.9) and experimental data for: (a) 

uniaxial compression, at strain rates of 0.5, 5 and 50/min and (b) stress relaxation, at a rate of 

2.5/min up to a strain level of 0.05. 

6.7 Conclusions 

The material behaviour of wheat dough has been characterised by a non-linear 

viscoelastic model. The Prony series and the Van der Waals model were used to 

characterise the time dependent and the strain dependent behaviour of the material. 
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Deformation test data from uniaxial tension, uniaxial compression, relaxation, 

loading-unloading and biaxial tension were used to calibrate the viscoelastic model. 

As experimental data are available from different modes of deformation, a study 
was conducted to determine the set of material parameters that results in the best fit 

between the analytical model and the experimental data using various combinations 
of the mechanical test data. From this it was found that by calibrating the time 

dependent and strain dependent of the viscoelastic model simultaneously, with 

uniaxial compression, tension and biaxial tension test data (i.e. CASE 9), a very 
good characterisation of the material behaviour under different deformation modes 

could be obtained. 

However, it was also found that, reasonable characterisation of the material 

behaviour can also be obtained when model is calibrated with only the relaxation 
and biaxial tension test data (i.e. CASE 4). 

The work in this chapter has also shown that the time dependent and strain 

dependent constants can be easily implemented in the commercial finite element 

package ABAQUS. Therefore, the material constants determined in this chapter 
will be used in ABAQUS as a means of a virtual tool for understanding the 

deformation behaviour and forces experienced in dough during the extrusion 
process. This will be discussed in the next chapter. 
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CHAPTER 7 

7 EXPERIMENTAL, ANALYTICAL AND NUMERICAL 

INVESTIGATION OF RAM EXTRUSION 

7.1 Introduction 

In this study, in order to have a better understanding of the behaviour of wheat 
flour dough during the extrusion process, a laboratory ram extrusion rig was 

designed and manufactured. The ram extruder uses the same design as a piston 
driven capillary rheometer, where a material is forced through a shaped die with the 

aid of a piston that travels along a barrel. An Instron testing machine was used to 

provide the means of driving the ram through the barrel. The barrel was filled with 

dough prior to the extrusion tests. A simple flour/water mixture as used previously 

for the mechanical characterisation work was used for the extrusion studies. The 
effect of experimental parameters such as extrusion rate, die geometry and surface 

friction effects on the extrusion pressures were investigated. Experimental 
extrusion pressures/forces were then compared with analytical predictions. In 

addition, numerical predictions conducted using ABAQUS were also investigated. 
The numerical predictions made use of the calibrated non-linear viscoelastic 

material model. 

7.2 	Calculation of Average Strain Rate in the Extrusion Test 

During the extrusion process, the material is subject to non-uniform strain and 
strain rate. Dieter [1988] has shown that the average strain rate can be determined 
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by considering the time for the material to pass through a truncated conical volume 

of deformation zone between the billet diameter Db  and the die exit diameter Da  

(see Figure 7.1). 

Figure 7.1 Schematic diagram of ram extrusion (the billet diameter is reduced from Db  to Da ) 

Consider a small element of diameter Db  located just above the die mouth, at time 

t = 0 . At time t = t,, the element moves to the new position at the die exit as 

shown in Figure 7.1. 

A 
For an extrusion ratio, R=°, where Ao  is the cross-sectional area of the billet 

Aa  

and Aa  is the area of the extrudate at die exit, the true strain for an incompressible 

material is: 

 

'la  
0 

 

( Ao  
A \, a 

 

s = 1n = In = In R 	 (7.1) 

   

   

Where /0  is the element height at t = 0 and /a  is the element height at t=ti . 
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For a die entry angle a , the deformation zone volume, vz  , is: 

2rh v  . Do b2  + D„2  + DbDa ) (7.2) 

(7.3) 

to 

(7.4) 

3 

where 

Therefore, 

7r 
Vz = 24 

( 
4 	4 

h= 	1 

4 

— Do j 
tan a 

equation 

(Db  
2 

(7.2) simplifies 

(D:—/D:,) 
t an  a 

Note that the die entry angle, a is half of the die cone angle 2a shown in Figure 

7.1 and for clarity purposes will be referred to as die entry angle, a , throughout 

this thesis. 

For a constant ram speed, S , the extruded volume flow rate, Q, is: 

R.  D2  
Q = S 	4 

b  

and the time taken to fill the volume of the deformation zone, t, , is: 

vz 	g —A3, 
4 = 	=.. 	 

SO r D12, /4) 6SD:tana 

Therefore, by dividing equation (7.1) with equation (7.6), the average strain rate, 

c , during extrusion for a die entry angle a is: 

(7.5) 

(7.6) 
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— 	6SD tan a ln R = 	b  

D3  — b 	a 
(7.7) 

7.3 	Experimental Work 

As mentioned above, experimental investigations were conducted to understand the 
behaviour of dough during the extrusion process. For this, a laboratory ram 

extrusion rig was specially designed and manufactured for tests to be conducted on 

a 4466 Instron testing machine. Typically, a series of experiments was performed 
on dough, where the die geometry and extrusion velocity were altered to 

investigate their effect on the quality of the extrudate surface (imperfections 
formed on the surface of extrudate) as well as the effect on the extrusion forces. In 

this section, details of the apparatus as well as of the test methodologies that were 

followed will be outlined. Experimental results will be presented at the end of this 
section. 

Z3.1 Design of Ram Extrusion Apparatus 

7.3.1.1 Extrusion unit 

The extrusion unit was designed to sustain a maximum load of 10kN. The barrel 

unit was made from a transparent polymethylmethacrylate (PMMA, trade name 

Perspex) with a 25mm diameter bored hole. The unit was made from Perspex, to 

aid in visualising the deformation of dough during the extrusion process, especially 
near the barrel wall. The barrel unit was made from two halves as shown in Figure 

7.2. The manufacture of the barrel unit from two halves ensured easy cleaning of 
the barrel after each extrusion run as well as provided an efficient method of filling 
the dough into the barrel. A method of moulding the dough into the barrel was 

used instead of plugging (pushing the dough from the top of the barrel with a rod). 
This method was considered because it was believed that it would help in 

minimising the formation of air cavities. If large air cavities are formed during 
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filling of the barrel, inconsistent steady state extrusion forces are obtained, a 
phenomenon which was observed during preliminary investigations. 

A ram/plunger was used (made from mild steel) to force the dough through the 

barrel. In order to reduce the contact friction between the barrel wall and the ram, a 

tapered PTFE plug was used at the lower end of the ram see Figure 7.2. The P 11-iE 

plug was manufactured to give a clearance fit of 0.05mm giving an average dry run 

extrusion force (without any dough in the barrel) of 0.05N ± 25%. This is 
negligible in comparison to the extrusion force required with a full barrel of dough 

extruded through a particular die geometry. Note that the barrel unit was polished 
with Perspex polishing compound (Farrell UK Ltd) to further reduce contact 

friction and remove any blemishes occurring during manufacturing. A loadcell was 

used to record the extrusion force applied to the dough by the ram. A universal 
joint was used to connect the ram onto the loadcell, thus any misalignment between 

the ram and the barrel was self corrected during the extrusion process. The applied 

extrusion force and the displacement of the ram were captured through a PC 
connected to the Instron. The capacity of the loadcells used depended on the die 

geometry used, i.e. for high extrusion ratio dies, a 5kN loadcell (± 0.25% 
repeatability, reading over a range of 0.1% to 100% of capacity) was used and for 

low extrusion ratio dies a 100N loadcell (± 0.25% repeatability, reading over a 

range of 0.05% to 100% of capacity) was used. Full details of the dies investigated 

are given in a later section. 
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1 Bottom base 
2 Top base 
3 Die 
4 Ram 
5 Half section of barrel unit 
6 PTFE plug 
7 Circular recess 
8 Cut out section 

Figure 7.2 Ram extrusion apparatus 

7.3.1.2 Base unit 

The base unit was designed to support the extrusion unit in place during the 

extrusion process and to provide space for the dough to freely extrude out from the 

die. It was constructed from three silver steel support posts attached with screws to 

a top base plate and a bottom base plate (see Figure 7.2). Both top and bottom 

plates were manufactured from medium strength aluminium. The bottom base 

plate contained three countersunk holes, used for aligning and positioning the base 

unit in-line with the axis of the ram as well as to easily clamp onto the Instron 

machine. The flexibility in fixing the base unit onto the Instron with countersunk 

screws meant that the base unit could be quickly and accurately positioned on to 

the test machine. Before the base unit was screwed onto the lnstron machine, care 

was taken to clean the contact surfaces of the bottom base plate and the Instron 

with acetone. This was a precautionary measure to remove any dirt on both of the 

surfaces, as dirt could cause a misalignment or tilting of the whole unit. The top 
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Die 
Half of barrel unit 

Die 5 (R=69.4) 

.7"./ 

base plate had a circular recess cut to a depth of 2nun which acted as a location 

point for the extrusion unit (see no 7 in Figure 7.2). This ensured that the extrusion 
unit was placed centrally and aligned with the axis of the loadcell and the ram. 

Furthermore, a section was cut out through the thickness of the top base plate 
which helped in visualising the condition of the extrudate surface as it emerged 
from the die region (see no 8 in Figure 7.2). 

7.3.1.3 Die geometries investigated 

Several die geometries were investigated as shown in Figure 7.3. All were circular 

cross-sectional dies and all were manufactured from transparent PMMA unless 

otherwise specified. The geometry for dies 2 to 5 is similar to the dies used in 
capillary rheometers, with some containing a die land of length L . Dies 1 and 6 to 
9 were the result of a continual development of dies throughout this study in order 
to obtain a die geometry which eliminated the rough surface forming on the 

extrudate. Dies 2 to 5 and die 7 will be categorised as high extrusion ratio (high 
constriction) dies and the remaining dies in Figure 7.3 are categorised as low 
extrusion ratio (low constriction) dies. All the dies were designed such that they 

could be easily interchanged and slotted into the barrel unit (see Figure 7.2 and 
Figure 7.3). 

Die 1 (R=2.4) 
	

Die 2 (R=69.4) 
	

Die 3 (R=69.4) 
	

Die 4 (R=69.4) 

Die 6 (R=1.9) 
	

Die 7 (R=5.2) 
	

Die 8 (R=3,2) 
	

Die 9 (R=1.9) 

Figure 7.3 Dies investigated (all dimensions in mm) 
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7.3.2 Sample Preparation and Test Methodology 

Simple flour/water dough was used for all tests. The material was prepared 
according to the method described in section 3.5.2. From each mix, a batch of 

320g dough is obtained which is sufficient for approximately five extrusion 
experiments. After mixing, the batch was initially shaped using a rolling machine 

(supplied by General Mills) to a sheet thickness of approximately 20mm. The 

dough was covered with a cling film to prevent moisture loss and left for 30 
minutes to allow the build up of stresses to relax. After the relaxation period, small 

portions of approximately 30g of dough were rolled by hand into a shape of a rod 
and placed into one half of the extrusion unit and moulded into the semicircle of 

the barrel. After both halves of the barrel unit were filled with dough, they were 

mated together to form a cylindrical barrel (diameter 25mm). Note that after each 

half of the barrel unit was filled with dough, the top surface of the dough was 
covered with a thin film of paraffin oil to reduce the possibility of drying. 
However, before both halves were mated together, the paraffin oil used to reduce 

moisture loss was removed carefully with absorbent paper. 

The barrel was filled to a height of typically 100mm, requiring around 60g of 

dough. Before the two halves were mated together, the die required for the 
experiment is selected and slotted at the lower end of one half of the barrel unit (see 

Figure 7.4). Care was taken to ensure that the barrel unit was fully filled with 

dough and with minimum air cavities present. If necessary, additional dough was 
used at the top end of the barrel to push the dough into the mouth of the die until 

the barrel was completely full. 

All extrusion tests were conducted under lubricated conditions unless otherwise 

specified. The wall surface of the barrel was coated with paraffin oil prior to 
placing any dough inside the barrel. The prepared samples/barrel unit were then 

left for 30 minutes to relax. After the relaxation period, the barrel unit was placed 
into the circular recess of the base unit, with the barrel hole axis (diameter 25mm) 

and the ram axis aligned. Before testing, the ram was slowly moved down to the 
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top end of the barrel using the Instron crosshead control. The tests were then 

conducted at two preselected speeds. Instron series IX software was used to 

control the change over of speed during a single test at the halfway point of the 

total ram displacement of 90mm. At the end of each experiment, the ram was 

raised out of the barrel, enabling complete removal of the barrel and the die from 

the base unit for cleaning. Although the actual time for each extrusion test was 

typically around one or two minutes, the entire process involving moulding the 

dough into the barrel, allowing the dough to relax, cleaning the extrusion unit and 

the die and performing the experiment took around 45 minutes. Therefore, for a 

typical test session involving one die geometry, tested at two different speeds, four 

replicate samples were used. So four for each ram speed giving eight experiments 

for a single die geometry. 

Figure 7.4 Moulding the dough into each half section of the extrusion unit 
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7.3.3 Results 

7.3.3.1 Effect of extrusion speed 

The ram speed was varied to investigate its effect on the quality of the extrudate 

surface as well as on the extrusion force. Two speeds of 50 and 500 mm/min on a 

3mm die diameter, including a die land length of 12mm and an entry angle of 60° 

(see die2 in Figure 7.3) was used. Note that for this die geometry, at the two 

speeds selected, the average strain rates calculated using equation 7.7 are 88.3 

min-1  and 883 min-' . These strain rates are much higher than what is achievable 

in the mechanical characterisation tests. In chapter 6, the maximum strain rate for 

the uniaxial compression tests was 50 min' . The strain rates for the uniaxial 

tension tests were even lower. As the constants calibrated from the mechanical 

tests are only accurate up to a strain rate of 50 min-' , any numerical/analytical 

predictions of extrusion forces/pressures for strain rates higher than 50 min-' will 

need to be considered with care. 

The extrusion forces obtained at these two ram speeds are shown in Figure 7.5. As 

expected, since dough is a rate dependent material, an increase in the extrusion 

force is obtained with a change in ram speed. From Figure 7.5, it can be seen that 

for both speeds, a constant extrusion force or a steady state condition is reached. 

Note that the initial rise in force is due to dough being flattened by the ram until the 

dough has been consolidated into the barrel and die, with steady state reached there 

after. The reproducibility from four replicate samples is good. The extrusion 

pressures obtained from the two speeds are shown in Figure 7.6. The extrusion 

pressure, P, was determined from the ratio of the load measured by the loadcell, to 

the cross sectional area of the barrel. The rough surfaces formed on the extrudate 

for the two ram speeds are shown in Figure 7.7. It can be seen that the change in 

ram speed did not lead to any improvement on the surface roughness of the 

extrudate. The images in Figure 7.7 were captured using a digital camcorder (Sony 

TRV330E). These rough surfaces (nonuniform diameter) on the extrudate are 

thought to be caused by the combination of a high constriction (R = 69.4) and a 
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large entry angle (a = 60°) which leads to the formation of static zones at the 

walls of the die i.e. stationary material which does not move into the die mouth. 

The formation of static zones was observed during deformation visualisation 

experiments using coloured (Supercook food colouring) layers of dough. These 

colours were obtained by brushing different food paints onto the barrel wall before 

dough was moulded into the barrel. The formation of the static zone is shown in 

Figure 7.8a. It can be seen that the various colours along the barrel wall do not 

move into the die mouth. Above the die mouth, a pileup of the colours can be seen 

with a static zone of height, h, being developed. The formation of a static zone 

leads to the creation of a natural entry angle, which then helps the material to move 

into the die mouth (see Figure 7.8b). The natural angle,an , can be determined 

from image analysis (Image J), by measuring the distances of static zone height, h, 
and the distance i (see Figure 7.8b). From this, the natural angle is calculated by 

applying, tan an 	and when dough is extruded into die 2, a natural angle, an , 

of approximately 37° 2° is obtained. 

It was observed that the lubrication that was applied on the die was squeezed out 

during the initial stages of the test. This would have led to a higher friction and 

further promote the formation of the static zones. This in turn leads to high shear 

deformation along the slope of the natural angle and eventually to a rough 

extrudate surface. Further tests conducted at lower ram speeds to try to minimise 

the formation of static zone, also yielded the same imperfections forming on the 

surface of the extrudate. 
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Figure 7.5 Extrusion loads versus distance travelled by ram at various ram speeds in a typical 

experiment on die 2. Results are from four replicate samples. 

Figure 7.6 Extrusion pressures versus distance travelled by ram at various ram speeds in a typical 

experiment on die 2. Results are from four replicate samples. 
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(a) (b) 

Die 2 

(a) 
	

(b) 

Figure 7.7 Surface imperfections seen on the extrudate for die 2 tested at two speeds, a) 50mm/min 

and b) 500 mm/min. Similar imperfections are obtained on the extrudate for both speeds. 

Figure 7.8 Formation of a static zone on die 2. a) deformation visualisation using different colours 

within the barrel , b) schematic representation of static zone and natural entry angle. 

7.3.3.2 Effect of extrusion ratio and die land length 

Several die geometries with different extrusion ratios as well as die land lengths 

were used to further study the occurrence of the extrudate imperfections. Dies 1 to 

6 only were used in this part of the investigation. The die geometries are 

summarised in Table 7.1. 
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Die no Entry 
angle,cc 

Extrusion 
ratio, R 

Die landlength, 
L (mm) 

Die diameter, 
Da  (mm) 

1 90° 2.4 16 16 
2 60° 69.4 12 3 
3 90° 69.4 18 3 
4 90° 69.4 0 3 
5  60° 69.4 0 3 
6 60° 1.9 12 18 

Table 7.1 Summary of die geometries. 

All the dies were tested at the two speeds of 50 and 500 mm/min. The average 

extrusion pressures for each die from four replicate samples are shown in Table 

7.2. The scatter for each test was relatively small (standard deviation less than 

10%) and similar to the scatter shown in Figure 7.6. In Table 7.2, an increase in 

pressure of approximately 30% in die 2 compared to die 5 can be seen for both 

speeds. This is due to the introduction of a die land length of 12mm in die 2 

meaning extra work is needed from the ram to push the dough through the die land 

length. Similar observations are made when comparing pressures for die 3 and die 

4. Furthermore, for dies with small extrusion ratio i.e. dies 1 and 6, a lower 

extrusion pressure is observed. For dies with the same extrusion ratio, the change 

in entry angle from a tapered entry of 60° (die 5) to that of a square entry (die 4) 

also results in a small increase in the pressure (approximately 5%). The same 

observation is made when comparing pressures for die 2 and die 3 with an increase 

of pressure approximately 10%. This increase of pressure is because more work is 

needed for the material to move around the square entry die geometry. However, 

minimum improvements to the surface quality of the extrudate were achieved by 

changing the die geometry. Images of the extrudate for all the dies tested are 

shown in Figure 7.9 for only 50nunimin ram speed; similar imperfections were 

seen for the speed of 500mm/min. 

The formation of a static zone was visible on all dies. The final extrudate diameter 

for all the dies was also larger than the actual die diameter. This is due to the 

viscoelastic behaviour of dough. The material unloads and expands upon exiting 

the die, a phenomenon known as "die swell". In Figure 7.9 the amount of swelling 
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seen in dies 1 and 6 is somewhat excessive, as the swelling of the extrudate is 

bigger than the barrel diameter (25mm). It can be seen in Figure 7.9 that the 
extrudate comes into contact with the sides of the slot cut into the top base plate. 

The slot width was 26mm which is bigger than the barrel diameter. It is believed 
that the build-up of stresses is the cause of the excessive swelling. 

Table 7.3 shows the average extrudate diameters (i.e. die swell) for dies 2 to 5 
obtained from the images taken during testing at 50 and 500mm/min. Note that 

each average extrudate diameter was obtained from four replicate samples for each 
die. The extrudate diameters were measured from image analysis (Image J). The 

diameter of the extrudate was obtained from the number of pixels between the left 

hand edge and the right hand edge of the extrudate in the images. The diameter 

was calculated in terms of the number of pixels which was then converted to the 

actual length in mm. On each image, a measurement of the diameter was taken at 
four different locations along the extrudate (see die 2 in Figure 7.9). The first 

measurement was taken 5mm from the die exit (location A in Figure 7.9) and then 
in increments of 5mm for the next measurements of B, C and D. This method of 
measurement was conducted to minimise the error and to be consistent in the 

measurement of the extrudate diameter for all dies. Note that the extrudate 
diameters for die 1 and die 6 are not shown in Table 7.3. This is because it was not 

possible to measure the true extrudate diameter due to the latter being in contact 

with the sides of the slot cut into the top base plate. For all the dies tested, the 
amount of swelling was not affected by an increase in the ram speed as shown in 

Table 7.3. In addition, it can be observed from Table 7.3, that die 5 led to more 

swelling, i.e. a larger extrudate diameter compared to die 2. Dies 2 and 5 are 

compared because they have identical geometries apart from the die land length 
which is 0 and 12 mm for dies 5 and 2 respectively. Similar observations are made 

with dies 3 and 4 which have die land lengths of 18 mm and 0 mm respectively, all 
other geometrical parameters being equal. 
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50mm/min Diet Die2 Die3 Die4 Die5 Die6 
Pave (kPa) 28 920 1000 710 680 11 

500mm/min 
Pave (kPa) 54 I 	2300 2600 1890 1800 	I 22 

Table 7.2 Average extrusion pressures obtained for all dies tested at two speeds. 

Figure 7.9 Extrudate imperfections obtained for dies tested at 50mrn/min ram speed. 

50mm/min Die2 Die3 Die4 Die5 
Ave diameter (mm) 3.45 3.38 4.48 4.5 

500mm/min 
Ave diameter (mm) I 	3.4 	I 	3.45 	I 	4.5 	I 	4.45 

Table 7.3 Average measured extrudate diameters. 

7.3.3.3 Effect offriclion 

Two more lubricants were investigated with die 2 to evaluate if it is possible to 

improve the surface of the extrudate, by effectively reducing contact adhesion. 

Firstly, Superlube (Loctite Corporation), a multi-purpose synthetic grease lubricant 

with P1'.FE, was used. Secondly, silicone oil with a viscosity of 500 centistokes 

was used. A similar method of lubricating the barrel and the die as with the 

paraffin oil was followed. Furthermore, another extrusion unit, which had a barrel 

and die both made from a single PTFE bar was also used. The PTFE barrel and die 

were manufactured to the same geometry and dimensions as that of die 2. 

Remember this unit was not manufactured in two halves, it was made as one whole 

unit. Therefore, the dough was plugged into the PTFE barrel to a height sufficient 

for an experiment, typically of 40mm as opposed to 100mm for the PMMA barrel 

unit. This was the maximum height of the PTFE die/barrel unit. 
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Table 7.4 shows the average extrusion pressure for each lubricant tested at speeds 
of 50 and 500mm/min on die 2 and the P ITE die/barrel. The pressures obtained 

for both dies without lubricant are also shown. For all samples, the standard 
deviation was less than 10%. In Table 7.4, the extrusion pressures obtained from 

the RIM die/barrel using various lubricants are lower than the pressures obtained 

from die 2. This is because the contact friction between the die wall and the dough 
is reduced. However, the extrusion pressures for the PiFE die/barrel, with and 

without lubrication show a similar magnitude. This suggests that in this case, 
lubricating the PlEE die/barrel does not effectively reduce the contact adhesion 

further. However, by lubricating the PMMA die 2, a reduction in contact adhesion 

is obtained. In Table 7.4, the lubricated extrusion pressures for die 2 are lower than 
the un-lubricated data. 

Nevertheless, the extrudate surfaces were not sufficiently improved, a rough 

surface was still visible. As an example, extrudate images when silicone oil 

lubricant were used with die 2 and the FITE die/barrel are shown in Figure 7.10 
for a 50mm/min ram speed. Similar rough surfaces were obtained for all other 

lubricants with both dies. The formation of a static zone was still visible in die 2 
irrespective of the lubricant used. The formation of a static zone for the PIFE 

die/barrel could not be examined, because it was impossible to visualise the 

deformation through this opaque unit. 

Lubricants used Die2 
Pave (kPa) 

PTFE die/barrel 
Pave (kPa) 

No lubricant 
50mm/min 

970 910 
Paraffin Oil 925 880 
Silicone Oil 920 890 
Superlube 930 900 

No lubricant 
500mm/min 

2400 2150 
Paraffin Oil 2250 2080 
Silicone Oil 2210 2110 
Superlube 2300 2160 

Table 7.4 Average extrusion pressures obtained with different lubricants and dies. 
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(a) 
	

(b) 

Figure 7.10 Extrudate imperfections obtained with silicone oil applied on two different dies a) die 2 

and b) PTFE die/barrel. 

7.3.3.4 Effect of shallow die entry angle 

To eliminate the formation of a static zone at the mouth of the die, the entry angle 

was changed from 60° to the less severe angle of 13° (see Figure 7.3 dies 7 to 9). 

Furthermore, due to the swelling of the dough at the die exit, sharp corners at the 

die exit were rounded to a radius of 2mm. The effectiveness of this new entry 

angle in limiting the formation of static zone is clearly visible, as shown in Figure 

7.11 for die 7. The coloured layers of dough move through the barrel and out of 

the die without any build up of stationary material. The resulting effect on the 

surfaces of the extrudate for speeds 50 and 500mm/min tested on dies 7 to 9 are 

shown in Figure 7.12. For both speeds, a smooth extrudate is obtained. 

Furthermore, as expected, swelling was still visible, with the average measured 

extrudate diameters from image analysis shown in Table 7.5. Note that the 

extrudate diameter measurements for dies 7, 8 and 9 were taken at a distance of 

15mm away from the die exit. This is because beyond this length the extrudate 

maintained a uniform diameter. 

However, in the preliminary testing phase, steady state extrusion was not possible 

as the weight of the extrudate had an effect on the final extrusion pressure, causing 

the pressure to drop continuously with an increase in ram displacement. To 
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overcome this, dies 7 to 9 were extruded into a buoyant liquid as shown in Figure 

7.13. Glycerol (1.25 g/ml) was used as the buoyant liquid. The density of dough 

was measured by placing a known mass of dough into a volume measuring beaker 

filled with corn oil, giving a density of 1180 kg/m3 . An example of the extrusion 

pressure obtained from this technique on die 9 tested at 50mm/min is shown in 

Figure 7.14. It is clear that with this technique the effect of the mass is eliminated 

and steady state is now obtained. The extrusion pressures obtained for dies 7 to 9 

tested at 50 and 500mm/min are shown in Figures 7.15 to 7.17. For lower 

constriction dies, lower extrusion pressures are observed as expected. The 

variability from replicate tests is also shown in Figures 7.15 to 7.17 and is 

acceptable. 

Figure 7.11 Elimination of a static zone build up for die 7 with a 130  entry angle. 

Die 7 
	

Die 8 
	

Die 9 

Figure 7.12 Extrudate surfaces obtained for dies with a 13° entry angle. 
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3.5 

—extruded into atmospheric air 
—extruded into buoyant liquid 

0.5 

50mm/min Die? Die8 Die9 
Ave diameter (mm) 16.8 18.2 20.2 

500mm/min 
Ave diameter (mm) 	17.2 	18.3 	20.5 

Table 7.5 Extrudate diameters obtained for dies with a 13° entry angle. 

Figure 7.13 Die 7 extruded into glycerol liquid (dies 8 and 9 was also extruded into this liquid). 
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Figure 7.14 Extrusion pressures obtained with the extrudate weight effect eliminated on die 9. 
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Figure 7.15 Extrusion pressures for die 7 at two speeds. 
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Figure 7.16 Extrusion pressures for die 8 at two speeds. 
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Figure 7.17 Extrusion pressures for die 9 at two speeds. 

7.3.3.5 Effect of water/flour ratio (w/f) 

The mass of the water/flour ratio (w/f) for the dough mixture was changed from the 

original mixture of 0.6 w/f to that of 0.4 and 0.5 w/f. It was believed that by 

changing the water/flour ratio, improvements in the surface of the extrudate, 

especially for the high constriction dies would be obtained. Note that for the 0.4 

w/f, the final dough mixture was quite dry, more in the form of lumps than the 

cohesive mass obtained with the original dough mixture of 0.6 w/f. For the 0.5 w/f 

dough mixture, the cohesiveness of the final mixture was between that of 0.6 w/f 

and 0.4 w/f. Table 7.6 shows the average pressure from four replicate samples 

tested at 50 and 500mm/min on die 2 for the three w/f mixtures. For all samples, 

the standard deviation was less than 10%. A high extrusion force was anticipated 

for the 0.4 w/f, as the amount of water added to the flour will govern the ease of 

extrudability of the dough. In addition, with the latter w/f mixture, the surface on 

the extrudate as shown in Figure 7.18 has now improved considerably in 

comparison with the extrudates seen with the 0.6 w/f dough. Furthermore, the 

amount of swelling was less for the 0.4 w/f. The average diameters for the three 

mixtures tested on die 2, are shown in Table 7.7. This suggests that the 0.4 w/f 
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mixture could be considered more as a viscoplastic than a viscoelastic material. 

The extrudate surface of the 0.5 w/f dough was satisfactory but not as smooth as 

the 0.4 w/f dough mixture. 

Some preliminary investigations were performed using the 0.4 w/f dough in order 

to determine its mechanical properties. Specifically, biaxial tension tests were 

conducted with this material and it was found that the samples inflated to a non-

symmetrical shape and therefore equi-biaxial tension was not obtained. 

Furthermore, the samples inflated to small bubble heights only (less than 30mm) 

before bubble rupture. Because of these problems, it was impossible to accurately 

determine the true biaxial stress-strain curve for 0.4 w/f dough mixture. Therefore, 

dough mixed with a w/f ratio of 0.6 only was used. 

50mm/min 0.6 w/f 0.5 w/f 0.4 w/f 
Pave (kPa) 920 2400 4480 

500mm/min 
save (kPa) 2300 4650 8800 

Table 7.6 Average extrusion pressures obtained for different w/f dough mixtures tested on die 2. 

(a) 
	

(b) 
	

(0) 

Figure 7.18 Extrudate surface imperfections obtained for different w/f dough mixtures, a) 0.6 w/f b) 

0.5 w/f and c) 0.4 w/f. 
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50mm/min 0.6 w/f 0.5 w/f 0.4 w/f 
Ave diameter (mm) 3.42 3.25 3.1 

500mm/min 
Ave diameter (mm) 	3.45 	3.22 	3.1 

Table 7.7 Extrudate diameters obtained for different w/f dough mixtures tested on die 2 

Z3.4 Experimental Work Summarised 

A laboratory ram extrusion rig was designed and manufactured to investigate the 
effect of various parameters on extrusion pressures and on the surface roughness of 

the resulting extrudate. The data obtained from the experimental investigation, will 
also serve as a means of verifying the predictions from extrusion simulations 

conducted using the non-linear viscoelastic model in ABAQUS as well as with 

analytical predictions. 

Altering the extrusion velocity was found to have no effect on improving the 
imperfections formed on the extrudate for all dies tested. However, as dough is a 
viscoelastic material, an increase in extrusion pressure was experienced with an 

increase in velocity. In addition, large extrusion pressures were obtained for 
extrusion conducted through a high extrusion ratio dies and the opposite was true 

for low extrusion ratio dies. Furthermore, introducing a die land length also 
increased the extrusion pressure as well as increasing the roughness seen on the 

extrudate. For all dies tested, the amount of swelling was not affected by an 

increase in ram velocity. 

The formation of a rough surface on the extrudate was believed to be linked to the 
severity of the entry angle into the die mouth as well as the high constriction of the 

material into the die mouth. For square and 60° entry angle dies, a static zone near 

the mouth of the die was observed which leads to a high shearing and hence an 
extrudate with a rough surface. For dies with an entry angle of 13°, the static zone 

was eliminated and a smooth extrudate surface was obtained. Changing the 
water/flour ratio from 0.6 w/f to that of 0.4 w/f also helped in eliminating the rough 

extrudate surface on high constriction dies i.e. die 2. 
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7.4 	Analytical Work 

To predict the extrusion pressures analytically, cr x , several methods proposed in the 

literature were taken into consideration. In this section, these methods will be 

presented and their respective predictions will be compared with the experimental 

data. Note for the purpose of clarity, in this section the extrusion pressure will be 

represented by Ox  as opposed to P. 

7.4.1 Ideal Work 

The relationship between extrusion pressure, 6x , and the extrusion ratio, R, 

developed for metal wire drawing can be found in several text books [e.g. Dieter 

1988 and Johnson 1962]. The analysis which is based on plasticity theory relates 

the applied load to the change in cross-sectional area for a sample undergoing 

homogeneous extrusion i.e. isotropic extrusion (see figure 7.1). The theory is also 

known as uniform deformation energy method. As the length of the sample 

changes from /0  to la , the cross-sectional area changes from 4 to Aa  (see figure 

7.1). The stress state throughout the material has only one stress component, the 

axial normal stress, being non-zero. The magnitude of this stress is equal to the 

yield stress, cry  . 

As the length changes from /0  to la , the work done dW is 

dW = a- yAadla 	 (7.8) 

The material is assumed to be incompressible, and so volume Aal a  is constant, 

hence 

Aadl a  +l a dila  =0 	 (7.9) 
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Substituting d10  from (7.9) into (7.8) we obtain 

dW = —47 Aala  dAa Y 	Acr  

dAa  .—cr Aolo Aa  

Integrating equation (7.10) between the limits of Ao  and A. gives 

W =orrA0/0 14-4) 
Aa  

Or 

	=Cr y  mn(-4) 
A010 	Aa 

(7.10) 

(7.11) 

(7.12) 

where the LHS of equation (7.12) represents the work done per unit volume. The 

work per unit volume throughput is equal to the extrusion pressure, cr x  . Hence, 

ar  =6Y  lo( IL°  Aa  

 

(7.13) 

 

For axisymmetric extrusion, the area ratio is equal to the square of the diameter 
ratio and we can write 

x  =20- InH Da) 
(7.14) 

The extrusion pressure given in equation (7.13) or (7.14) is known as the ideal 

work extrusion pressure. 
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However, in practice, additional work is needed in shearing the material without 

contributing to the reduction in cross-sectional area. The actual extrusion pressure 
is therefore always greater than that predicted by equation (7.13) or (7.14). 

Another factor that increases the extrusion pressure is work done against friction at 
the walls. All the energy needed above the ideal work contribution can be lumped 

together and termed the "redundant work". 

Table 7.8 and Table 7.9 show the comparison of the extrusion pressures for two 

speeds predicted from the ideal work analysis and from the experiments. The 
average extrusion strain rate for each die was calculated from equation (7.7). For 

dies with square entry and 60° die entry angle (dies 1 to 6), a natural entry angle of 

40° was used in the calculation of strain rate. The natural entry angle was 

determined as described in section 7.3.3.1. The yield stress o-y  was determined 

from the uniaxial compression test data conducted previously in chapter 6 at the 

three strain rates of 0.5, 5 and 50 mail  . For clarity the compression test data is 
again presented in Figure 7.19 a. Because dough exhibits a strain hardening effect, 
an approximation of perfect plasticity at a strain of 0.6 onwards was assumed from 

the compression test data. A strain of 0.6 was chosen, as this strain is half of the 

maximum strain in the test data. The dependence of yield stress on strain rate was 

assumed to be described by a power law and interpolated over the range of 
extrusion strain rates. The fit for the power law is shown in Figure 7.19 b. In 
Table 7.8 and Table 7.9, an underestimation from the ideal work analysis is 

observed as expected. Furthermore, for both speeds the error from die 1 to die 6 is 
large. This is due to the redundant work that occurs during extrusion deformation. 

However, the error for die 7 to die 9 for both speeds show a small improvement. 
This is believed to be because minimum redundant deformations occur with these 

dies due to the shallow entry angle. Therefore, the predictions from the ideal 
analysis will be closer to the experimental data. 
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Figure 7.19 Determining extrusion yield stress at a given extrusion strain rate. 

Extrusion ram speed 50 mm/min 

Die no Da  

(mm) 

-- 

(1/min) 
Natural 

angle (actual) 
Die land L 

(mm) 
cry 

(kPa) 
ax(exp) 

(kPa) 
Crx(analy) 

(kPa) 
% error 

1 16 12 40(90)°  16 1.8 28 1.7 94 

2 3 42 40 (60)° 12 2.5 920 10.9 99 

3 3 42 40 (90)° 18 2.5 1000 10.9 99 

4 3 42 40 (90)° 0 2.5 710 10.9 98 

5 3 42 40 (60)°  0 2.5 680 10.9 98 

6 18 11 40 (60)°  12 1.7 11 1.2 89 

7 11 5 13°  0 1.4 10 2.3 77 

8 14 4 13°  0 1.3 3.8 1.6 59 

9 18 3 13°  0 1.2 1 0.8 17 

Table 7.8 Predicted ideal work extrusion pressures for a ram speed of 50mm/min. 
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Extrusion ram speed 500 mm/min 
Die no Da 

(mm) 
E 

(1/min) 
Natural 

angle (actual) 
Die land L 

(mm) 

ay  

(kPa) 

a - x(exp) 

(kPa) 
Ox(analy) 

(kPa) 
% error 

1 16 122 40 (90)°  16 3.4 54 3.2 94 

2 3 424 40 (60)°  12 4.8 2300 20.6 99 

3 3 424 40 (90)°  18 4.8 2600 20.6 99 

4 3 424 40 (60)° 0 4.8 1890 20.6 99 

5 3 424 40 (60)° 0 4.8 1800 20.6 99 

6 18 106 13° 12 3.3 22 2.3 90 

7 11 50 13° 0 2.7 19 4.4 77 

8 14 39 13° 0 2.5 6.2 3.0 52 

9 18 29 13 0 2.3 2.6 1.6 39 

Table 7.9 Predicted ideal work extrusion pressures for a ram speed of 500mm/min. 

7.4.2 Hoffman and Sachs Analysis 

An analysis for determining the extrusion pressures for wire drawing which takes 

into account the friction through a conical die was proposed by Hoffman and Sachs 

[1953]. In this analysis, the frictional force acting between the material and the die 

wall was assumed to obey Coulomb's law of sliding friction. The latter implies 

that the tangential force at a point is proportional to the normal pressure, p„, at the 

interface at that point and acts opposite to the direction of relative motion. The 

coefficient of friction, 1u , is regarded as constant for a given die and wire material 

and for given surface conditions and temperature and is considered independent of 

the speed of motion. The analysis is based on the assumption of a uniform state of 

stress at all points on a plane normal to the die axis. 

By considering the equilibrium of a conical volume element between two planes 

perpendicular to the x axis at distances x and x + dx from the apex of the conical 

die (see Figure 7.20a). There are three groups of forces acting on the conical 

element and are axisymmetrically distributed and their resultants are acting along 

the x axis. 
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Figure 7.20 Wire drawing in a conical die. a) Dimensions in wire drawing b) stresses acting on wire 

element, c) normal pressure on surface element and d) frictional force on surface element. Taken 

from [Hoffman and Sachs 1953]. 

The first of these forces are the axial stresses o-„ (i.e. extrusion pressure) acting on 

the two vertical planes of the conical element. Neglecting infinitesimals of higher 

order (see Figure 7.20b), horizontal equilibrium leads to: 

(cr x  + do-  )7± (D + dD)2  -6
x 4 

D 2  = —7rD  (D do-  „ +2o-  x dD) 	(7.15) 
x  4 	

2± 	
4 

The second of these forces are the axial component of the normal pressures acting 

on the surface in contact with the die, which is determined by considering a surface 

element, shown in Figure 7.20c. The axial component is determined by integrating 

around the circumference of the die i.e. from 0 = 0 to 0 =2a-  , which leads to: 
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The third of these forces are the axial component of the frictional forces obtained 

similarly by considering a surface element with the dimensions dx / cos a and 

(
—
D 

d9 (see Figure 7.20d). The axial component of the frictional forces on the 

wire element is determined by integrating around the circumference of the die i.e. 

from 0 = 0 to 0 = 27r , which leads to: 

2/2.  

pP„—D  dxd0 = ,uP„7rD dx = 	DdD 
0  2 	 2tana 

(7.17) 

Therefore, the sum of the equilibrium of forces in the x direction on the conical 

element is: 

7rD 	 P rc OD do-  x +2crxdD)+ --DdD + 	"n" DdD = 0 
4 	 2 	2tana 

(7.18) 

Simplifying equation (7.18), one obtains 

D do-  x  + 2c,rdD +213„dD(1+  p   j= 0 	 (7.19) 
tan a 

Considering the Tresca yield criterion (cr1 	3 = cr y ) in the cylindrical stress 

state with o-x  + P„ = 0 y  and B = tan 	aiti  , the differential equation governing the 

variation of the axial stress 6x as a function of the wire diameter D becomes: 

do; 	2dD 
(7.20) 

xB — y(1+ B) D 
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Db  

	 1 
X 
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r/ /::// err + der 

die 	 barrel 

D. 

Integrating both sides of equation (7.20) through the limits of o-xa  to cr th  on the 

LHS and through Da  to Db  on the RHS of equation (7.20) and simplifying, one 

obtains the extrusion pressure o-xb  . 

0xb  = CT 
1+B 

2B 

B 
	 1 

(1)
b 	

b  ) 
x  [- 

D )2B 

	

J)a 	a  Da  
(7.21) 

With zero front pressure (cr. = 0), this equation becomes: 

 

1+B[
1 
 Db 2B 

a- xi, =a- 
Y  B 	Da  

 

(7.22) 

  

Note that equation (7.22) is the extrusion pressure for a die with zero die land 

length, i.e. zero front pressure. However, as some of the experiments include non-

zero die land lengths, L, Williams [2005] proposed that the extrusion pressure for a 

die with a non-zero die land length ( o-xa  # 0) can be determined by considering the 

equilibrium of forces acting on a rectangular volume element in the die land length 

(see Figure 7.21). 

P =0 
Cr lan1 

Figure 7.21 Extrusion on a metal billet through a non-zero die land length. 
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Equilibrium of horizontal forces leads to: 

ir 	Da2 
+ 	

Da2 (o-  + do-x )= roz Da dx 
4 	4 

(7.23) 

Simplifying equation (7.23) and applying Tresca yield criterion for the frictional 

shear stress i.e. r0  = p y  —6x  ), one obtains 

1 	do-„ = 	d x  
— Y 	cr x 	Da 

(7.24) 

Integrating both sides of equation (7.24) through the limits of cr. to Pa,. = 0 on 

the LHS and through x = 0 to x = L on the RHS and simplifying, one obtains the 

die land length entry pressure c. : 

4 

[ 	
,a, 

Cr xa  = Cr y  1 — exp D. (7.25) 

Substituting equation (7.25) into equation (7.21), one obtains the extrusion pressure 

for a die with non-zero die land length, in-xbi-  : 

1+ BL 	
2B 

[ (Db ) 1+ c  [, 	ri(Db 2B ) 
Crb  = C

Y B 
1 	

y I exp 
D Da 	 a  

(7.26) 

Note that by setting L= 0, equation (7.26) reverts back to equation (7.22), which is 

the extrusion pressure for a die with zero die land length. 

Table 7.10 and Table 7.11, show the predicted ram extrusion pressures from 

equation (7.26) compared with the experimental data for different values of 

coefficient of friction. Two friction values were used in the analysis. Firstly, the 
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value of u = 0.14 was used. This was obtained from the analytical scheme in 

chapter 3 for determining the sample-platen interfacial friction condition of a 

compressed disc (see Figure 3.12). Secondly, an independent measurement of the 

friction during extrusion was obtained by placing a known mass of dough on to one 

half of the lubricated (paraffin oil) extrusion unit. The extrusion unit was then 

attached onto a combination reversing protractor (see Figure 7.22). The friction 

was determined by allowing the dough sample to slide and subsequently altering 

the angle until no sliding occurred. The value of p was calculated fromp = tan0 , 

where 0 is the angle at which the dough sample stopped sliding. Several dough 

samples of mass varying from 3 to 30 grams were used for the experiment, giving 

an average resting angle of 5° ± 20% and a coefficient of friction ofp = 0.09 . 

From Table 7.10 and Table 7.11, it is observed that the pressures are still 

underestimated for both values of coefficient of friction, especially for high 

extrusion ratio dies with steep entry angles i.e. dies 1 to 6. For low extrusion dies 

with shallow entry angle i.e. dies 7 to 9 the predictions are reasonable. 

Nevertheless, the predictions from Hoffman and Sachs analysis are above the ideal 

work predictions (Table 7.8 and Table 7.9), suggesting that some improvement is 

achieved by incorporating friction into the analysis. The reason for the inaccurate 

prediction using Hoffman and Sachs analysis is thought to be due to the lack of 

consideration of shear deformation that occurs especially with steep entry angle 

dies as well as due to the simplifying assumptions considered within the analysis. 

Hoffman and Sachs [1953] has highlighted that a better approximation is made 

with his analysis, at small entry angle dies and low coefficients of friction. This is 

demonstrated for dies 7 to 9 in Table 7.10 and Table 7.11, where a small error is 

obtained compared to the steep entry angle dies (1-6). At the higher speed of 

500mm/min similar observation are made regarding the discrepancy between 

experimental and analytical values. 
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(a) (b) 

For sliding: N sin 9 = pNcos 	= tan6) 

Figure 7.22 Independent measurements of extrusion friction a) experimental rig and b) free body 

diagram of friction on an inclined plane. 

Extrusion ram speed 50 mm/min 

Die no Da  

(mm) 

a 

(1/min) 

Natural 

angle (actual) 

Die land L 

(mm) 

cry 

(kPa) 

csx(exp)  

(kPa) 

0-L, (analy) 

(kPa) p = 0.09 

ccLb  (analy) 

(kPa) p = 0.14 

% error 

p = 0.09 

% error 

p = 0.14 

1 16 12 40 (90)°  16 1.8 28 2.7 3.6 +90 +87 

2 3 42 40 (60)°  12 2.5 920 28.0 61.6 +97 +93 

3 3 42 40 (90)°  18 2.5 1000 45.8 161.6 +95 +84 

4 3 42 40 (90)°  0 2.5 710 15.1 18.3 +98 +97 

5 3 42 40 (60)°  0 2.5 680 15.1 18.3 +98 +97 

6 18 11 40 (60)° 12 1.7 11 1.8 2.3 +84 +79 

7 11 5 13°  0 1.4 10 4.5 6.3 +55 +37 

8 14 4 13° 0 1.3 3.8 2.7 3.5 +30 +7 

9 18 3 13°  0 1.2 1 1.3 1.6 -26 -56 

Table 7.10 Extrusion pressure predictions using equation (7.26) for extrusion ram speed of 50 

mm/min. 

Extrusion ram speed 500 mm/min 

Die no Da  

(mm) 

a 

(1/min) 

Natural 

angle (actual) 

Die land L 

(mm) 

ay  

(kPa) 

or - x(exp) 

(kPa) 

CrxLb  (analy) 

(kPa) p = 0.09 

CTL, (analy) 

(kPa) p = 0.14 

% error 

p = 0.09 

% error 

p = 0.14 

1 16 122 40 (90)°  16 3.4 54 5.2 6.8 +90 +87 

2 3 424 40 (60)° 12 4.8 2300 53.1 116.8 +98 +95 

3 3 424 40 (90)°  18 4.8 2600 87.0 306.6 +97 +88 

4 3 424 40 (90)° 0 4.8 1890 28.7 34.7 +98 +98 

5 3 424 40 (60)° 0 4.8 1800 28.7 34.7 +98 +98 

6 18 106 40 (60)°  12 3.3 22 3.4 4.3 +84 +80 

7 11 50 13°  0 2.7 19 8.5 12.0 +55 +37 

8 14 39 13°  0 2.5 6.2 5.1 6.7 +18 -8 

9 18 29 13°  0 2.3 2.6 2.4 3.0 +8 -14 

Table 7.11 Extrusion pressure predictions using equation (7.26) for extrusion ram speed of 500 

mm/min. 
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Z4.3 Benbow and Bridgwater Analysis 

Benbow and Bridgwater [1993] describe an analytical procedure for extruding 

pastes based on a modified plasticity approach and argued that the pressure as  

necessary to force a paste from a barrel of diameter Db  into a die of diameter Da  

and die land length L, at a land velocity V , is given by the relationship: 

D 	( 11 o-„ = 2(cro  + otTiln —A. + 4(-ro  + fir) 
Da 	\D (7.27) 

The first term, associated with the flow from the barrel into the die land, is a 

modification of the ideal work expressed in equation (7.14). When the liquid phase 

of the paste is significantly viscous, it is found experimentally that the uniaxial 

yield stress ay  is best expressed as (o + aV), where cro  is the yield stress 

extrapolated to zero velocity and a is a factor characterising the effect of velocity. 

The second term comes from a steady state force balance in the die land. The wall 

stress r is expressed as (ro  + pv) , where ro  is the wall shear stress extrapolated to 

zero velocity (initial wall stress) and 13 is a factor accounting for the velocity 

dependence of the wall shear stress. 

For some pastes it is necessary to adapt the aV and fiV terms to aV" and 13V" , 
to account for a non-linear velocity dependence. This increases the number of 

characterising parameters in the model to six. The model is then given by: 

o-x  = 2(o + cerz)ln-±D  + 4(r0  + fiVI-11 	 (7.28) Da 	Da  

To evaluate the model parameters, a Microsoft Excel spreadsheet was constructed 

which minimised the least squares difference between the experimental pressures 

and the pressures predicted by assuming the Benbow-Bridgwater model in 

Equation (7.28). All the model parameters were determined simultaneously using 
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all the available experimental extrusion test data conducted at 50 and 500 mm/min 

ram speeds. Table 7.12 presents these parameters for dough described in this 
study. 

In Table 7.13 and Table 7.14, the predicted pressures from Benbow-Bridgwater 

model (equation (7.28)) are compared with the experimental data. A good 

approximation of the extrusion pressures are obtained for the 500mmimin ram 
speeds and for the 50mm/min ram speed a reasonable agreement is achieved. This 

suggests that with this analysis a better estimation of the extrusion pressure for 
dough can be achieved as opposed to using the Hoffman and Sachs analysis. In the 

Hoffman and Sachs analysis acceptable predictions are only successful with lower 

extrusion ratio, R, dies i.e. dies 7-9. However, the latter is dependent on a proper 
selection of a coefficient of friction. The use of the Benbow-Bridgwater model, 

gives a better prediction of the extrusion pressures for high and low extrusion ratios 

dies conducted at different extrusion speeds. Therefore, this model is suggested for 
future use as an initial estimation of the ram extrusion pressure for dough. 

Furthermore, this model has the advantage of being quick and easy to use so this 

method is particularly suitable in an industrial setting. However, the drawback of 

Benbow-Bridgwater model is that it needs to be calibrated against actual extrusion 
data. 

Bulk yield stress 

co (kPa) 

Velocity factor of 
bulk yield stress 

a (kPa s/m) 

Initial wall shear 
stress 

'; 	(kPa) 

Velocity factor of 
wall shear stress 

if 	(kPa s/m) 

Bulk velocity 
exponent 

m 

Wall velocity 
exponent 

n 
1.86 888 0.98 66.3 	I 1.44 I 	0.48 

Table 7.12 Benbow and Bridgwater model parameters 

-178- 



Extrusion ram speed 50 mm/min 

Die no Da  

(mm) 
W 

(1/min) 
Natural 

angle Victual) 
Die land L 

(mm) 
UD extrudate V 

(m/sec) 
0,0..0  
(kPa) 

ax(...m 
(kPa) 

% error 

1 16 12 40 (90)° 16 1 0.002 28 20 +30 

2 3 42 40 (60)° 12 4 0.060 920 358 +61 

3 3 42 40 (90)° 18 6 0.060 1000 502 +49 

4 3 42 40 (90)° 0 0 0.060 710 69 +90 

5 3 42 40 (60)° 0 0 0.060 680 69 +89 

6 18 11 40 (60)° 12 1 0.002 11 12 -10 

7 11 5 13° 0 0 0.004 10 3.6 +64 

8 14 4 13° 0 0 0.003 3.8 23 +38 

9 18 3 13° 0 0 0.002 1 1.3 +27 

Table 7.13 Extrusion pressure predictions using Benbow and Bridgwater analysis for extrusion ram 

speed of 50 mm/min. 

Extrusion ram speed 500 mm/min 

Die no D. 
mm) 

kr 
(1/min) 

Natural 
angle  factual) 

Die land L 
(mm) 

LID extrudate V 
(m/sec) 

ax(exp) 

(kPa) 
ax(enaly) 

(kPa) 
% error 

1 16 122 40 (90)° 16 1 0.021 54 50 +8 

2 3 424 40 (60)° 12 4 0.597 2300 2550 -11 

3 3 424 40 (90)° 18 6 0.597 2600 2966 -14 

4 3 424 40 (90)° 0 0 0.597 1890 1717 +9 

5 3 424 40 (60)° 0 0 0.597 1800 1717 +5 

6 18 106 40 (60)° 12 1 0.017 22 30 -37 

7 11 50 13° 0 0 0.044 19 18.5 +2 

8 14 39 13° 0 0 0.027 6.2 7.6 -23 

9 18 29 13° 0 0 0.017 2.6 2.7 -4 

Table 7.14 Extrusion pressure predictions using Benbow and Bridgwater analysis for extrusion ram 

speed of 500 mm/min. 
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7.5 	Numerical Work 

Ram extrusion of dough through conical dies was simulated using a commercially 

available finite element package ABAQUS, Inc (ABAQUS/CAE version 6.4-1). 
The non-linear viscoelastic material constants derived in chapter 6 (section 6.4) 

were used to model the material behaviour during the extrusion process. The 

standard analysis was employed in the simulation. Because of the axisymmetric 
nature of the extrusion process, only half of the dough billet (workpiece) was 

modelled as shown in Figure 7.23. A 4-node quadrilateral element was used 
(CAX4H). The model geometry had the same dimensions as the ram extrusion rig 

used in the experimental studies (see section 7.3.1), apart from the workpiece 

height being 50mm as opposed to a height of 90mm. This height was chosen, so 

that a steady state extrusion with the minimum computation time could be 

achieved. The die and the barrel walls were modelled as rigid surfaces of rigid 
elements (RAX2). The contact interaction was used to define the contact situation 

between the walls (rigid surfaces) and the workpiece (dough). The basic 
Coulombic friction of sliding was adopted as the sliding condition at the rigid 

surface-workpiece interface. At the corners where the workpiece interfaces with 

the rigid surface i.e near the die mouth and die exit, the surface was rounded such 
that no sharp corners were present within the die region (see Figure 7.23). The 

workpiece was constrained on the axis of symmetry in the x-direction. The rigid 
surface was fully constrained. The movement of the ram was represented by the 

downward displacement of a set of nodes at the top of the billet during the step. A 

step time was chosen such that the velocity was equal to the experimental ram 

velocity. 
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Figure 7.23 Schematic diagram of ram extrusion through a conical die. 

7.5.1 Simulation through Square and 60° Die Entry Angles (dies 1 to 6). 

Extrusion simulation through dies 1 to 6 was initially investigated. The results 

obtained for die 6 having a 60° die entry angle with approximately 30% thickness 

reduction are shown first. For this analysis, a frictionless contact interaction 

condition between the workpiece and the rigid surface was assumed. Figure 7.24 

shows the deformed mesh at the early stages of the analysis, and it can be seen that 

the elements have cut the corner near the entry to the die land i.e. the mesh 

boundary no longer closely follows the profile of the die. This unrealistic severe 

mesh distortion worsens as the analysis proceeds until a point is reached where the 

analysis prematurely terminates. The corresponding output data of extrusion force 

against ram displacement plot showed no steady state data. The reason for the 

unrealistic mesh distortion was believed to be the severity of the die entry angle, 

causing the elements near the contact surface to get pushed back upwards as the 

adjacent elements near the axis of symmetry moved further ahead into the die 

region. 
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Undeformed mesh 
	

Deformed mesh 

2 

  

  

L, 

  

  

Figure 7.24 Example of problems encountered for simulation conducted on die 6 

Several attempts to alleviate this severe distortion were pursued through mesh 

refining and different forms of entry angles to the front face of the workpiece. Two 

types of entry conditions at the front face of the workpiece were considered in an 

effort to help the workpiece to move smoothly into the die mouth. The first was to 

have the simulation starting with the workpiece inside the die mouth as opposed to 

starting above the die mouth i.e. conforming to the die profile (see Figure 7.25b). 

The second method was to taper the front face of the workpiece (see Figure 7.25c), 

such that the element near the contact surface will move first into the die mouth. 

However, as shown in Figure 7.25 all these attempts failed to reach steady state 

conditions. These cases were also tried in ABAQUS explicit analysis as opposed 

to standard. The ABAQUS explicit analysis uses an explicit dynamic formulation 

i.e. inclusion of momentum. It is suitable for modeling transient dynamic events, 

such as impact and forming simulations [ABAQUS 2004]. However, similar to the 

standard analysis the explicit analysis also failed to reach steady state conditions. 
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Undeformed mesh 	Deformed mesh 

die 

Undeformed mesh Deformed mesh 

Adaptive meshing was also pursued in the explicit simulations. This was chosen 

because adaptive meshing enables a high-quality mesh throughout the analysis, 

even when large deformations occur, by allowing the mesh to move independently 

of the material [ABAQUS 2004]. The latter is possible due to the fact that adaptive 

meshing combines the features of pure Lagrangian analysis (in which the mesh 

follows the material as in the case of ABAQUS standard) and Eulerian analysis (in 

which the mesh is fixed spatially and the material flows through the mesh). This 

type of adaptive meshing is often referred to as Arbitrary Lagrangian-Eulerian 

(ALE) analysis. But as before, this technique also failed to reach steady state 

simulations. Furthermore, similar/worse problems were found in the simulations of 

dies 1 to 5 where the entry angle was larger as well as containing high extrusion 

ratios. Therefore, no numerical predictions for the extrusion pressures of these dies 

were possible. 

(a) 
	

(b) 
	

(C) 

Figure 7.25 Simulation attempts to alleviate severe mesh distortion, (a) mesh refined, (b) initial 

workpiece geometry following the die profile and (c) initial workpiece geometry tapered into the 

die mouth. 

7.5.2 Simulation through 13° Tapered Entry Angle (dies 7 to 9) 

Preliminary investigations on die 9 with ABAQUS standard analysis showed that 

steady state simulation was possible. Therefore, extrusion simulations for dies 7 to 

9 were further investigated. Specifically, the effects of die exit radius, the mesh 

geometry, the friction and the effect of the material constants on the extrusion force 
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were studied. For all these studies, unless otherwise specified, die 8 was used 
assuming frictionless contact interface between the workpiece and the rigid surface. 
In addition, all the simulations were conducted at a ram speed of 50mm/min using 

the material constants of CASE 5, as derived in chapter 6 (see Table 6.5). 

7.5.2.1 Effect of die exit radius 

The experimental dies 7 to 9 contain a die exit radius of 2mm. This curved profile 
at the exit of the die was modelled in the simulation to represent a more accurate 

geometry of the die. However, the number of rigid surface elements used to define 
the curved profile at the die exit had a profound effect on the output steady state 

extrusion force. Figure 7.26 shows the predicted extrusion force for different 
numbers of rigid surface elements used to define the curved profile at the die exit. 

The initial peak rise seen before steady state value is obtained, is due to the 
material being consolidated into the die region. Furthermore, the variations seen in 

the steady state region, where the extrusion force should have a constant value, are 
due to the movement of individual elements around the die exit radius also called 
`contact noise' [ABAQUS 2004]. In Figure 7.26, the contact noise is less for a 
single rigid element because of the less discontinuous points on the contact surface. 

Furthermore, when a single rigid element is used, the steady state extrusion force is 
considerably lower in comparison to the curved profile with 32 rigid elements. 

This is because an effective higher number of elements used around the curved 
profile will result in a higher reduction ratio. Therefore, the 32 rigid elements will 

be used for all the remaining simulations in this study, unless otherwise specified. 

The use of the 32 rigid elements around the die exit is also closer to the actual 
profile of the die exit radius in the experiments. 
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Figure 7.26 Effect of using different number of rigid surface elements around the die 8 exit radius. 

A further study into the effect of the die exit radius on the predicted extrusion force 

was investigated. This was conducted to ensure that any inaccuracies in the 

measurement of the die exit radius (2mm) using a radius gauge did not have a large 

influence on the final extrusion force. Therefore, two additional die exit radii 

chosen arbitrarily at 1.75 and 2.25mm were used in the simulations. For all radii, 

32 rigid elements were used around the die exit. The predicted steady state 

extrusion force shown in Figure 7.27 highlights that there is a negligible effect 

from a small change in die exit radius. So the measured die radius can be used in 

the simulation without reservation. 
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Figure 7.27 Effect of die exit radius on extrusion force (die 8). 

7.5.2.2 Mesh sensitivity 

Different mesh geometries were investigated to determine an optimum mesh for 

predicting computed extrusion forces accurately with minimum computational cost. 

Initially, a coarse finite element mesh was used. Then the mesh was subsequently 

refined until further mesh refinements did not alter the computed extrusion forces 

significantly. The various meshes that will be described below are shown in Figure 

7.28 for a small region of the workpiece. 

Mesh 1: This is a mesh where all the elements are square throughout the 

workpiece. A number of 16 elements along the width and 62 elements along the 

height of the workpiece were used. 

Mesh 2: In order to obtain a finer mesh at the regions closer to the barrel wall 

without having to increase the total element number, a bias of 5 was applied on the 

element along the x-direction (width). This implies that the x dimension of the 

elements closest to the wall is five times smaller that the x dimension of the 

element nearest to the axis. A bias value in the y-direction (height) was not 
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applied. In this mesh, 4 elements along the width and 120 elements along the 

height of the workpiece were used. 

Mesh 3: As for mesh 2 but doubled the number of elements along the height of the 

workpiece. 

Mesh 4: As for mesh 3 but doubled the number of elements along the height of the 

workpiece. 

In meshes 2 to 4, the elements had an elongated rectangular shape in the x-

direction. This was purposely done, to avoid highly distorted elements forming as 

they pass through the die. The deformations of mesh 1 and mesh 3 as they pass 

through the die are shown in Figure 7.29. It is clear that mesh 3 maintains a square 

shape and conforms to the die profile, as opposed to mesh 1 where elements attain 

an elongated shape and cut over the edge of the die exit. Figure 7.30 shows the 

predicted extrusion forces for the various mesh geometries investigated. The 

square mesh (mesh 1) predictions are poor with erratic oscillations. These erratic 

variations in the steady state force are again caused by the contact noise. However, 

only a small difference in the steady state force is observed between mesh 3 and 

mesh 4, suggesting that mesh 3 is the optimum mesh geometry. Note that in 

section 7.5.2.1, the latter optimum mesh was used. 
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Mesh 1 

w 
Mesh 2 

16x62 (w xh) 4x120 (w x h), bias = 5 

Mesh 3 Mesh 4 

4x240 (w xh), bias = 5 	 4x480 (w xh), bias = 5 

h 

Figure 7.28 Different meshes used in mesh sensitivity study. 

MESH 1 MESH 3 

       

       

       

     

     

  

die 

  

     

 

undeformed 	deformed 

 

Figure 7.29 Element deformations around the die exit for different meshes. In mesh 3, elements 

near the contact wall are square and conform to the die profile. In mesh 1, the elongated elements 

near the contact wall cut over the die exit rigid surface. 
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Figure 7.30 Computed extrusion force predictions for different meshes used 

7.5.2.3 Effect of friction 

The coefficient of friction was varied in the model in order to study the significance 

of friction on the predicted extrusion forces. As mentioned previously in section 

7.5, an isotropic basic Coulomb friction model was used to describe the interaction 

of contacting surfaces. In ABAQUS, the basic concept of the Coulomb friction 

model is to relate the maximum allowable frictional (shear) stress across an 

interface to the contact pressure between the contacting bodies. The contacting 

surfaces can carry shear stresses up to a certain magnitude across their interface 

before relative tangential motion can begin (known as sliding). The Coulomb 

friction model defines this critical shear stress, rent  , at which sliding of the surfaces 

starts as a fraction of the contact pressure, Pc., between the surfaces (rcrit  = ,uPc ). 

This stick/slip calculation determines when a point transitions from sticking to 

slipping and vice versa. Figure 7.31a, shows the transition boundary of sticking to 

slipping obtained from the stick/slip calculation. Furthermore, the solid line in 

Figure 7.3 lb summarizes the behaviour of the Coulomb friction model. This line 

shows that no slipping (relative sliding to each other) occurs until the shear stress 

across the two surfaces equals the critical shear stress, 'uP,. However, in 

-189- 



ABAQUS, simulating ideal friction behaviour is very difficult. Therefore, by 

default, ABAQUS uses a penalty friction formulation with an allowable "elastic 
slip" where a small amount of relative motion between the surfaces is allowed even 

when the surfaces are supposed to be sticking, as shown by the dotted line in 

Figure 7.3 lb. ABAQUS automatically chooses the penalty stiffness (the slope of 
the dotted line) so that the allowable "elastic slip" is a very small fraction of the 

contact element length [ABAQUS 2004]. 

slip region 

4/— critical shear stress, 'cll. 

/1  coefficient) 
(constant friction 

r (shear stress) 

sticking 	

slipping 

stick region 

Contact pressure 

(a) (b) 

Figure 7.31 Basic Coulomb friction (taken from ABAQUS 2004), a) slip and stick region and b) 

frictional behaviour. 

The default elastic slip value was used in this study, where ABAQUS sets this 

value to be 0.5% of the average length of all contact elements in the model. The 

effect of the coefficient of friction, p, was investigated by setting p to the 

following values: 0.015, 0.025, 0.03, 0.035, 0.05, 0.09 and 0.14. Note that the 

values of 0.09 and 0.14 are the same values used in the analytical work in section 
7.4.2; the other values were chosen arbitrarily. The predicted extrusion forces for 

all the coefficient of friction values were compared with the experimental extrusion 

forces for die 8 tested at a ram speed of 50mm/min as shown in Figure 7.32. It can 
be clearly seen that there is a significant dependency on the coefficient of friction. 
Convergence problems were encountered for the 0.09 and 0.14 friction values as 

the mesh got severely distorted around the narrow region of the die i.e. near the die 
exit region. In Figure 7.32, for both of these coefficient of friction values, only the 

initial compaction stage into the die region can be seen and it can be estimated that 
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even if the analysis was successful and a steady state condition was reached, the 

predicted steady state forces would have been much higher than the experimental 

data. At a coefficient of friction value of 0.025, the simulated forces agreed 

reasonably well with the experimental data. However, this value of friction is 

considerably lower than the extrusion coefficient of friction measured 

experimentally discussed in section 7.4.2 (p = 0.09) as well as the value obtained 

from the work in chapter 3 (p= 0.14 ). It is difficult to determine whether this 

value of 0.025 is the actual friction obtained during extrusion conditions. This is 

because experimentally it is not possible to determine the coefficient of friction for 

dough during extrusion. 

Figure 7.32 Effect of friction for die 8 with simulation conducted at 50mm/min. 

Furthermore, in Figure 7.32, the progressive rise of force as the dough gets 

compacted into the die mouth happens much earlier for the experimental data than 

the numerical models. This is because in the experiment the dough is filled into the 

die mouth, where as in the simulations the undeformed workpiece starts above the 

die mouth (see Figure 7.29). Steady state condition is only reached once the initial 

workpiece geometry is compacted into the die mouth and exits the die. Therefore, 

in the simulation model the compaction of the initial workpiece geometry into the 
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die mouth will take somewhat longer before steady state is reached than it does in 

the extrusion experiment. To demonstrate this effect, a simulation was performed 

with the undeformed workpiece geometry being extended into the die mouth. 

Figure 7.33 shows the results of this demonstration where the simulation was 

conducted with IA set at 0.03. In Figure 7.33 it can be seen that the compaction 

force increased earlier (red line) than that for a simulation where the initial 

workpiece geometry did not extend into the die mouth (blue line). Furthermore, in 

Figure 7.33 the peak of the red line compaction force occurs at similar time as the 

experimental data, but both the steady state forces (red and blue lines) are exactly 

the same. Therefore, since the importance of the simulation solution is to correlate 

the steady state extrusion forces with the experimental data, all the extrusion 

simulations in this study were conducted with the undeformed workpiece above the 

die mouth. This is because the initial geometry of the workpiece has no bearing on 

the steady state force. 

— experimental 

— FEA; undeformed workpiece above die mouth 

— FEA; undeformed workpiece filled into the die mouth 

z 4  

0 
O 
c 3 0 

-  2 

average experimental force 

20 	40 	60 
	

80 

Ram displacement (mm) 

0 

Figure 7.33 Effect of initial workpiece geometry on extrusion force 

To check if the numerical stresses and strains during extrusion are within the range 

of the mechanical test data used in determining the material constants (see Figure 

6.10 in chapter 6), a contour plot of Von Mises stress at p = 0.025 is shown in 
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Figure 7.34a and for strain in the radial direction (LE11) is shown in Figure 7.34b. 

Note in Figure 7.34a, the maximum value of stress in the legend occurs in a very 

localised region, therefore the stress is approximately 6.5 kPa. However, in most 

cases, it is clear to see that the observed contour plots of stress and strain are within 

the range of the mechanical test stress-strain data i.e. between 0 to 7.5 kPa for 

stress and 0 to 1 for true strain. In addition, in Figure 7.34a, the maximum stress 

occurs around the throat of the die i.e. the die exit region. This is expected as the 

maximum stress concentration will occur in this region. Similarly, the maximum 

straining would also occur around the die exit region. This is confirmed in Figure 

7.34b. 

To ensure that the simulated strain rates in the radial direction (ER11) are similar to 

the calculated average strain rate obtained from equation 7.7 (s = 3.9 min' for die 

8 tested at 50mm/min), a contour plot of the strain rate is shown in Figure 7.34c. 

Note that the maximum and minimum value of strain rate in the legend occur in a 

very localised region. Therefore, the strain rate is -0.065 sec-' and is very similar 

to the calculated average strain rate of 3.9 min-' . This suggests that the strain rate 

calculated from equation 7.7 is a reasonable approximation of the average strain 

rate during the extrusion process. 
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Figure 7.34 Contour plots for die 8 simulation a) Von Mises stress (units in kPa), b) logarithmic 

strain LE11 and c) strain rate ER11 (units in 1/sec). 
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7.5.2.4 Effect of material constants on extrusion force 

The material constants in chapter 6 were obtained by fitting equation (6.9) to 

various combinations of mechanical test data. A study was conducted to determine 

the set of material parameters that will result in the best predictions of extrusion 
forces. This was conducted to find the minimum amount of mechanical testing 

needed for an accurate characterisation of dough behaviour during extrusion. The 

results of this parametric study are presented in this section. A further study was 
also conducted to determine the effect of small changes of material parameters on 

the extrusion force. This sensitivity study was performed by changing each of the 

material parameters by 10% consecutively and conducting simulations with p set 

at 0.0 to obtain the steady state force. The results for the latter study are 
summarised in the appendix. 

Die 8 geometry was first investigated with p set at 0.025 to describe the contact 

interaction between the workpiece and the rigid surface. The different sets of 

material constants described in chapter 6 ranging from CASE 1 to CASE 10 were 

used in the simulation models. The simulation tests were conducted at both 50 and 
500 min/min ram speeds. 

Figure 7.35 shows extrusion forces compared with the experimental data for both 

ram speeds for each set of material constants. It is clear to see that in all cases, the 

models failed to predict a steady state extrusion force for a 500mm/min ram speed. 
This was due to convergence problems encountered during the analysis because of 

very high mesh distortion around the die region. It was found impossible to resolve 
this problem when the various methods discussed in section 7.5.1 were used. The 

force for 50mm/min ram speed however agrees reasonably well with the 
experimental data for most cases, apart from CASE 10 where again convergence 

problems were encountered, and cases 1 and 2 which led to a higher steady state 

force than the experimental values. These higher predictions seen for cases 1 and 2 
are expected as the model stresses for compression, biaxial and tension shown in 
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Figure 6.6 and in Figure 6.7 (refer to chapter 6) are much higher than the 

experimental values. CASE 3, CASE 4 and CASE 5 material constants show the 

best agreement between the predicted steady state force and experimental data. For 

these cases, the absolute percentage error between the experimental and FLA 

average steady state force (see Figure 7.36) are very small, i.e. approximately less 

than 5%. For cases 6 to 9 the percentage of error was below 12%, which is also 

acceptable. 

-195- 



100 0 	20 	40 	60 	80 
Ram displacement (mm) 

0 	20 	40 	60 	80 	100 
Ram displacement (mm) 

0 

average experimental force .2 4 

3 

/i f  

O 20 	40 	60 	80 
Ram displacement (mm) 

(i) CASE 9 material constants 

100 	0 	20 	40 	60 	80 	100 
Ram displacement (mm) 

(j) CASE 10 material constants 

(t) CASE 6 material constants (e) CASE 5 material constants 

.2 4 

3 Lu 
2 

1 

0 

— experimental 
—FEA 	.50mm/min 

—experimental 500mm/min 
— FEA 

average experimental force 

8 	 — experimental 

TeFEAxperimental 

50mm/min 

-6 
8 
°: 
C 4\L  , 	average experimental force 

it l 	 f) _,,: 

II 

7 

8 
7 

2 6  

5 

2 
w 3 w 

1 

0 
100 	0 20 	40 	60 	80 

Ram displacement (mm) 
O 20 	40 	60 	80 

Ram displacement (mm) 
100 

— experimental 
—FEA 	• 50mm/m in 

— experimental 500mm/min 
— FEA 

a 
.2 • 5  
C 

✓ • 3 

2 

0 

average experimental force 

8 

7 
22_, 6  

50mm/min 

500mm/min 

— experimental 
- FEA 
— experimental 
— FEA 

average experimental force 

500m m/min 

(g) CASE 7 material constants (h) CASE 8 material constants 

4 84.‘average experimental force 

I  I  /44 .1; at 	11. 1 

Figure 7.35 Simulated extrusion force predictions for die 8 using different sets of material constants. 

-196- 

— experimental' 
— FEA 	.50mm/min 

— experimental 
—FEA 	

.500mm/min 

— experimental' 
—FEA 	.50mrn/min 

— experimental 500mmimin — FEA 

8 

7 

g6 	
5 t 

2 	 -'111111*- 



560% 160% 

20- 
 1. 

050 mm/min 
16-z- 

12-Z- 

Ab
so

lu
te

  p
er

ce
nt

ag
e  

er
r o

r  

0 
2 3 4 5 6 7 8 9 

CASE 

Figure 7.36 The absolute percentage error between experimental and FEA data for die 8. 

However, one could argue that the extrusion force predictions could be altered just 

by changing the coefficient of friction and leaving the material constants the same. 

As it has been shown in Figure 7.32, the chosen value of friction has a large 

influence on the predicted extrusion forces. 	Therefore, in order to check the 

validity of the chosen value of p , the study was repeated on die 9. As before, the 

coefficient of friction u was set at 0.025 for both ram speeds of 50 and 500 

mm/min. 

Figure 7.37 shows the extrusion forces for both ram speeds compared with the 

experimental data for each set of material constants. A reasonable agreement 

between predicted and experimental data is observed for the 50 mm/min. In Figure 

7.38, the error between the experimental and FEA values for 50mm/min is small 

i.e. approximately below 8% for cases 2 to 10. For CASE 1 the force is 

significantly overestimated for both speeds and for CASE 10, the FEA did not lead 

to a converged solution at 500 mm/min. Furthermore, the error for the 500mm/min 

is somewhat large. All simulations used a coefficient of friction, ,u , of 0.025. It is 

estimated that if the coefficient of friction was increased slightly, a better 

agreement for the 500mm/min would be obtained. Nevertheless, from this study it 

is deduced that for dies 8 and 9, with p set at 0.025, cases 3 to 9 material 
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Figure 7.37 Simulated extrusion force predictions for die 9 using different sets of material constants. 
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Figure 7.38 The absolute percentage error between experimental and FEA data for die 9 (* did not 

converge for 500 mm/min). 
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Next, a further investigation was conducted to substantiate if the material constants 
in cases 3 to 9 were able to predict extrusion forces for die 7. Preliminary 

simulations with p set at 0.025 were conducted for 50 and 500mm/inin ram 

speeds. In these simulations, steady state conditions were not achieved as the 
analysis terminated prematurely due to severe mesh deformation occurring near the 

die exit. Only by changing the coefficient of friction p from 0.025 to 0.01 and the 

number of rigid surface elements around the die exit radius from 32 elements to 3 
elements, simulations at 50mm/min ram speed were possible. Difficulties were 

still encountered in the simulations at 500mm/min ram speed. 

Figure 7.39 shows the extrusion forces compared with the experimental data for die 
7. The large fluctuations are again due to 'contact' noise as the elements move 

around the die exit. In some simulations, before the full step time of 60 seconds 

was reached, the analysis was terminated at around 50 seconds, to reduce 
computation cost as steady state extrusion was reached after 30 seconds 
(corresponding to a ram displacement of 25mm). Note that no solution (steady 

state) was obtained for cases 1, 2, 3, 5 and 10 due to convergence problems. From 
Figure 7.39, it can be seen that the extrusion forces for CASE 4, CASE 8 and 

CASE 9 agree reasonably well with the experimental data, but better agreements 

are obtained with CASE 6 and CASE 7. This is further confirmed in Figure 7.40, 

where the absolute percentage error between experimental and FEA data is small 
for CASE 6 and CASE 7 (approximately below 3%). 

From Figure 7.36, Figure 7.38 and Figure 7.40, it can be concluded that for a speed 
of 50mm/min, the use of either CASE 4, or CASE 6 or CASE 7 material constants 

will lead to FEA predictions for the extrusion forces which are in error by less than 
12%. However, as it has already been highlighted in this study, the accuracy of the 

prediction depends on the coefficient of friction as well as the material parameters. 
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Figure 7.39 Simulated extrusion force predictions for die 7 using different sets of material constants. 
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Figure 7.40 The absolute percentage error between experimental and FEA data for die 7. 

As for the minimum amount of mechanical test data needed to accurately describe 
the material behaviour during extrusion, one may conclude that the calibration 
procedure of CASE 4 is the best, where only the biaxial tension test and relaxation 

test data are used in the model calibration (refer to section 6.4). However, as it has 

been demonstrated in chapter 5, the biaxial tension test is a quite complicated test 
and therefore time consuming. If the latter test is used together with the relaxation 

for the model calibration, it is best to include the uniaxial compression and uniaxial 

tension test data to further improve the accuracy of the predictions, as uniaxial 

compression and tension test are not as complicated and time consuming as the 
biaxial tension test. Therefore, for future predictions of extrusion forces at shallow 

entry angles, either CASE 6 or CASE 7 material constants should be used. 
However, the calibration procedure used in CASE 7 is preferred because the 

constants were calibrated using all the available mechanical test data, where as for 
CASE 6, the loading-unloading data were omitted. 

To summarise the current study, Table 7.15 shows the average numerical extrusion 
force predictions using CASE 7 material constants for a 13° die entry angle i.e. dies 

7 to 9. In addition, in Table 7.15, simulation data for die 8 at 500minimin are also 
included using CASE 7 material constants, where previously it was shown that this 

simulation was not possible. The latter was achieved by changing the number of 

rigid surface elements around the die exit from 32 to 3 and setting p at 0.022. 

-202- 



(a) (b) (c) 

1111.1111111i111; 

10 

41111Th 	 

10 

Finally, in Figure 7.41, the ability of the simulation to predict the shape of the 

extrudate i.e. the amount of die swell, is demonstrated by superimposing the FEA 

deformed profile shape onto an experimental image taken for each die. The results 

shown correspond to CASE 7 material constants. As an example, simulations 

conducted at 50mm/min ram speeds are shown in Figure 7.41. A similar prediction 

with dies 8 and 9 for 500nun/min was obtained. In Figure 7.41, it is clear to see 

that a good agreement between the numerical and the experimental profile shapes is 

obtained. This further demonstrates that the predictions of the extrudate diameters 

for dough can be accurately obtained when simulations are conducted with material 

constants calibrated from mechanical test data obtained from different loading 

conditions. 

Extrusion ram speed 50 mm/min Extrusion ram speed 500 mm/min 

Die no Fexp (N) FFEA (N) p rigid elements 

at die exit radius 

Fexp (N) FFEA (N) p rigid elements 

at die exit radius 
7 4.9 5.1 0.010 3 9.3 - - 
8 1.9 1.7 0.025 32 3.0 2.8 0.022 3 
9 0.5 0.5 0.025 32 1.3 1.0 0.025 32 

Table 7.15 Summary of simulated extrusion forces for CASE 7 material constants. 

Figure 7.41 Extrudate shape predictions using CASE 7 material constants for a) die 7 b) die 8 and c) 

die 9. Note that the FEA deformed profile shape is highlighted in red. 
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7.6 Conclusions 

A laboratory ram extrusion rig was designed and manufactured. The rig was used 
to investigate the effect of various extrusion studies on the applied pressures. The 

surface roughness of the extrudate was also investigated. Several die geometries 
were investigated and it was found that for dies with a high extrusion ratio, large 

extrusion pressures are obtained and vice versa. The dependency of the extrusion 
pressures on the rate of extrusion was also evident; this was due to the viscoelastic 

nature of dough. The formation of rough surfaces on the extrudate was also 

evident and this is believed to be caused by the contact adhesion between the dough 
and die wall as well as the severity of the entry angle of the die. Extrusion tests 
conducted on dies containing a square (90°) and 60° entry angles showed a static 

zone developing near the mouth of the die and under these conditions, an extrudate 
with a rough surface was obtained. By changing the die entry angle to a less severe 

angle of 13°, the static zone was eliminated which also gave a smooth extrudate 
surface. In addition, by changing the water/flour ratio from 0.6 to that of 0.4 w/f 

also helped in eliminating the rough surface of the extrudate at high extrusion 

ratios. 

Analytical models for the prediction of the extrusion pressures were also 
investigated. Good approximations from the analysis proposed by Hoffman and 

Sachs (developed for wire drawing) and from Benbow-Bridgwater (developed for 

paste extrusion) were obtained. For the low extrusion ratio, R, dies i.e. dies 7 to 9, 

the analysis by Hoffman and Sachs showed acceptable predictions. However, for 
dies with high and low extrusion ratios, R, i.e. all dies used in this thesis, the 
Benbow-Bridgwater model with six characterising parameters showed better 

agreement with the experimental data. Therefore, it is suggested that the Benbow-

Bridgwater model should be used in the future as an initial guess estimation of the 
ram extrusion pressure for dough. 

In addition to the analytical predictions, an axisymmetric numerical simulation 

using ABAQUS/CAE version 6.4-1 was also conducted. Simulations for high 

extrusion ratio dies (dies 1 to 6) were not possible due to convergence problems as 
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the mesh became severely deformed. Large mesh distortion occurring on these 
dies was due to the severity of the die entry angle, causing the elements near the 

contact surface to get pushed back upwards as the adjacent elements near the axis 
of symmetry move further ahead into the die region. Various methods to alleviate 

this problem were pursued with no successful outcome. However, simulation 

studies for low extrusion ratio dies (dies 7 to 9) have shown that good prediction 
can be obtained. The contact friction was shown to have a large influence on the 

final steady state force. For the simulations for die 8 and 9 the coefficient of 

friction,p, was set to 0.025. This led to accurate force predictions. For die 7, 

when p was set to 0.01 good predictions were also obtained; the value of 0.025 led 

to convergence problems. Different sets of material constants in the non linear 
viscoelastic model described in chapter 6 were used in all the simulations. This 

was done to determine the minimum amount of mechanical test data that are 
needed for accurate predictions of the dough behaviour during extrusion. From the 

result of this investigation, it is recommended that all the experimental data are 

used for an accurate prediction of the numerical extrusion force (i.e. CASE 7). 
However, reasonable predictions of the extrusion forces can also be obtained with 

CASE 4 material constants i.e. calibrated using relaxation and biaxial tension test 
data only. 
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CHAPTER 8 

8 CONCLUSIONS 

8.1 Introduction 

The objectives of the work summarised in this thesis were to develop appropriate 
test methods to measure the fundamental material properties of wheat flour dough, 

and to utilise these properties in describing and predicting the mechanical response 

during the ram extrusion process. In particular, accurate characterisation of the true 
stress-strain relationship from uniaxial compression, uniaxial tension and biaxial 

inflation tests has been investigated. A non linear viscoelastic model based on the 

Prony series and Van der Waals hyperelasticity has been used to predict all test 
data. A laboratory ram extrusion rig was designed and manufactured. The rig was 

used to investigate the effect of various parameters on the applied pressures and the 
quality of the final extrudate. Comparisons between experimental measurements 

from the extrusion rig and numerical simulations have been pursued. Furthermore, 

extrusion predictions from various analytical models have also been pursued. 

8.2 	Stress-Strain Relationship 

8.2.1 Uniaxial Compression 

One of the most common means of determining the material properties for various 

materials is through the uniaxial compression test. However, the main problem 
with this test is that the stress-strain relationship is dependent on the friction 
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between the specimen and the compression platens. In this work, a method to 

eliminate the friction has been accomplished by lubricating the P1'1-(t, compression 
platens with a silicone oil lubricant (500 centistokes viscosity). The elimination of 

friction has enabled the measurement of the true stress-strain properties. The 

evidence for this is that there was no effect of sample geometry on the test data 
when this lubricant was used. In addition, no barrelling was observed which is 

further evidence of uniform deformation taking place. 

An analytical method for determining the true stress-strain curve using data 
obtained from unlubricated compression tests was also assessed. The analytical 

method was derived from the equilibrium analysis of a compression disk plastically 

deforming under frictional conditions. From the same analysis, the sample-platen 
interfacial friction conditions were also studied. The benefit of this method was 

that if a suitable lubricant was not available, a method to determine the true stress-
strain would still be possible. In order to utilise the analysis, cylindrical samples 
with various heights and same diameter were tested under unlubricated conditions. 

It was found that the results from the analytical method provided a reasonable 
method for predicting the true stress-strain curve. However, it was also found that 

a better prediction of the true stress-strain curve was obtained from an empirical 

relationship, which was in agreement from the work on cheeses conducted by 
Charalambides, et al. [2001]. Nevertheless, the analytical solution provided a 

useful method for determining the sample-platen interfacial friction condition. 

8.2.2 Uniaxial Tension 

This test is one of the most widely used test methods to measure material properties 
in tension. The test is performed by clamping a strip of material at both ends and 

pulling the material apart using a suitable testing machine. However, the 

application of this test method to dough is far more difficult and challenging as 
compared to engineering materials such as metal and polymers. This is due to the 

difficulty in gripping the specimens because of its soft nature. In addition, the 
force required for deformation might be affected by gravity. A novel method to 
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overcome the difficulty in gripping the specimen was developed in this work. This 

was achieved by changing the structure of the specimen ends, from a soft to a hard 
material, through "drying" the ends of the specimen. This method enabled the hard 

ends of the specimen to be clamped on to the test machine more effectively. It also 
eliminated the material flow from the clamped ends into the gauge length. This 

ensured uniform large strain deformation to be obtained and thus true stress-strain 
data could be measured. The evidence for this was obtained from the observation 

of deformations of markers painted on to the sample gauge length. Furthermore, 
both stress and strain were accurately evaluated using an image analysis method 

and were compared to the analytical calculations. Good agreements between these 

two sets of data were obtained. In addition, the stress-strain relationship, as 
expected, was also shown to be geometry independent. This was obtained from 

tests conducted on various sample geometries, i.e. rectangular dumbell and 
cylindrical "I" shapes. It has also been shown that the effect of gravity has a 

negligible effect on the measured stress-strain data. In addition, it was evaluated 

that the cylindrical "I" shape specimen is better for future testing. This is because, 
less time is needed to prepare and test this sample compared to the rectangular 

dumbbell specimen. 

8.2.3 Biaxial Inflation 

The bubble inflation test has been used to determine the equi-biaxial stress-strain 
curve for dough. It involves inflating a thin disc of dough into a bubble by volume 

displacement of air using a piston. The top of the bubble is effectively in a state of 

equi-biaxial tension. In this work, the correct stress-strain curve for dough has 
been determined. This was achieved by undertaking independent experimental 

measurements of strain, thickness and radius of curvature at the top of the bubble 
as well as the applied pressure. A new technique to measure the bubble thickness 
was developed. The thickness was measured by shining a light through the walls 

of the bubble and recording the change in light intensity as the wall becomes 
thinner. However, all these experimental measurements are quite complicated and 

thus prone to experimental scatter as well as being time-consuming. A simpler 
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way to derive the stress-strain curve would be to use an analytical procedure which 
could predict the test variables of strain, wall thickness and radius of curvature. 

Such an analysis was derived by Bloksma [1957]. However, in this work it has 

been shown that Bloksma's analysis leads to serious errors in the calculated stress-
strain curve, with the stress overestimated by a factor of seven at large strains. This 

is due to the invalid simplifying assumptions made in Bloksma's analysis. The 
spherical assumption was proven to be only accurate up to moderate strains. At 

large strains, the bubble changed to an elliptical shape. In addition, at the top of the 

bubble, the analytical strain was larger and the thickness was much smaller than the 

experimental values. The combination of all of these discrepancies as mentioned 

before, has a major effect on the analytical stress-strain curve. Therefore, it is 
concluded that when the bubble inflation test is used, it is necessary that 

experimental readings of strain, thickness and radius of curvature as well as 
pressure should be made to ensure accurate stress-strain data are obtained. 

8.2.4 Characterisation of the Viscoelastic Behaviour 

To characterise the viscoelastic properties of dough, a scheme combining 
experimental and theoretical methods has been applied in the form of a non-linear 

visoelastic model. The model consists of two separable functions of true strain and 

time. The strain separable function can be represented by hyperelasticity, such as 

the Van Der Waals model. The time separable function is commonly represented 
by the Prony series. The feature of this mathematical model is that it offers a 
precise, quick and routine characterisation of the material behaviour using 

experimental data from different types of tests, as well as different strain rates 
which may vary during the test i.e. the biaxial inflation test. In addition, the 

amount of material data needed for an accurate characterisation of the material 

behaviour could also be assessed. Furthermore, the model can be easily 
implemented in the finite element analysis software ABAQUS, which enables the 

simulation of the dough extrusion process. 
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A study to investigate the amount of experimental data required in calibrating the 
model, such that it yielded good predictions with all the experimental data, was 

pursued. Different sets of material parameters were obtained when the model was 

calibrated with various combinations of experimental data from uniaxial 
compression and tension, biaxial inflation, loading — unloading and relaxation tests. 

In each case, the model was either calibrated simultaneously with all the 
experimental data or by initially calibrating the time dependent constants using the 

relaxation data and then the strain dependent constants with each single test data or 

a combination of test data. It was shown that a reasonable characterisation of the 
material behaviour under different loading conditions was obtained, when the 

material model was calibrated with relaxation and biaxial tension test data (i.e. 
CASE 4). However, the model yielded the best predictions of stress-strain curves 

for different deformation modes when the calibrations were conducted 
simultaneously using uniaxial compression, uniaxial tension and biaxial tension 
test data (i.e. CASE 9). This showed that additional accuracy was gained when 

calibrating the material model using test data from more than one mode of 
deformation and this should benefit future extrusion simulation predictions, where 
complex deformations do occur. 

8.3 	Ram Extrusion 

A ram extrusion rig was designed and manufactured for testing on an Instron 
machine. The rig was used to investigate the effect of various extrusion parameters 

on the applied pressure. The surface roughness of the extrudate was also 

investigated. Several die geometries were investigated and it was found that for 
dies with a high reduction ratio, large extrusion pressures are obtained and vice 

versa. In addition, it was found by increasing the die land length for a die with the 
same diameter and entry angle, a larger extrusion pressure was obtained. This is 

due to extra work needed from the ram to push the dough through the die land 

length. The extrusion pressure also showed a dependency on the ram speed, 
highlighting the viscoelastic nature of the material. Tests conducted on dies 

containing a square and 60° entry angles showed a static zone developing near the 
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mouth of the die and under these conditions, an extrudate with a rough surface was 

obtained. By changing the die entry angle to a less severe angle of 13°, the static 

zone was eliminated which also resulted in a smooth extrudate surface. The 
evidence of static zone formation near the mouth of the die was obtained from the 

deformation visualisation achieved through different colours painted on the surface 
of the barrel wall. The die and the extrusion rig were made from transparent 

PMMA. A smooth extrudate surface was also obtained when the water/flour ratio 

(w/f) was changed from 0.6 to 0.4. 

Several analytical models were also investigated for the prediction of the extrusion 
pressures. Good approximations from the analysis proposed by Hoffman and 

Sachs (developed for wire drawing) and from Benbow-Bridgwater (developed for 

paste extrusion) were obtained. For low extrusion ratio, R, dies i.e. dies 7 to 9, the 
analysis by Hoffman and Sachs showed acceptable predictions. However, for dies 
with high and low extrusion ratios, R, i.e. all dies used in this thesis, the Benbow-
Bridgwater model with six characterising parameters showed better agreement with 

the experimental data. 

In addition to the analytical predictions, extrusion simulations using 

ABAQUS/CAE version 6.4-1 was also conducted. Simulations for high extrusion 
ratio dies were not possible due to convergence problems. This was because the 

mesh became severely deformed. Large mesh distortion occurring on these dies 

was due to the severity of the die entry angle, causing the elements near the contact 
surface to get pushed back upwards as the adjacent elements near the axis of 

symmetry move further ahead into the die region. Various methods to alleviate this 
problem were pursued with no successful outcome. However, simulation 
predictions for dies with a low extrusion ratio, R and a shallow entry angle were 
possible. It has been shown that the coefficient of friction has a significant effect 
on the extrusion force. Comparisons between the simulated prediction and the 
experimental data showed good agreement when the coefficient of friction values 

were between 0.01 to 0.025. Furthermore, different sets of material constants 

calibrated using the non linear viscoelastic model was used in the simulations. 

This was done to determine the minimum amount of mechanical test data that are 

-211- 



needed for predictions of the dough behaviour during extrusion. It was found that 

reasonable predictions of the extrusion force are obtained when CASE 4 constants 
are used. The latter were calibrated using relaxation and biaxial data only. 
However, it is recommended that all the mechanical tests conducted in this thesis 

should be used in order to obtain an accurate prediction of the extrusion force (i.e. 
CASE 7). Therefore, in an industrial setting, extrusion simulations can be used to 

give detail information on the extrusion process including extrusion pressures and 

extrudate dimensions. However, an initial estimate of the extrusion pressure can be 
obtained through the analytical model of Benbow-Bridgwater. This model has the 

advantage of being quick and easy to use, so this method is particularly suitable in 
an industrial setting. However, the drawback of Benbow-Bridgwater model is that 

it needs to be calibrated against actual extrusion data. 
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APPENDIX 

MATERIAL MODEL SENSITIVITY ANALYSIS 

The objective of this study was to investigate the effect of small changes in the 

non-linear viscoelastic material model constants on the predicted extrusion force. 

This was performed by changing each of the material constants by 10% 

consecutively and conducting simulations using the die 8 geometry with p set at 

0.0 to obtain the corresponding steady state force. The material constants of CASE 

10 obtained in chapter 6 were used as an initial reference. These constants were 

then changed one at a time by an amount of ±10%. The various sets of constants 

are presented in Table A.1 to Table A.9 and are discussed below: 

CASE 10 (original) 

• The original material constants obtained in chapter 6 (see Table A.1) are 

used. The calibration of the material constants is described in section 6.4. 

CASE 10 (a) 

• The time dependent constant g1  was increased by 10%. However, as the 

dimensionless constants are related through I g;  + gm  =1, the second 
i=i 

constant g2  was decreased proportionally. Note that the strain dependent 

constants w, A. and a was fixed to their original values (see Table A.2) 

CASE 10 (b) 

• The constant of go, was decreased by 50% to give a value of 0.0005 and all 

the other constants were fixed to their original values (see Table A.3). Note 

that the change in g, leads to a change in g1  and g2  as well but these are 

insignificant. 
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CASE 10 (c) 

• The shear modulus, w , was increased by 10% to give a value of 3.93 from 

3.57. All the other constants were fixed to their original values (see Table 

A.4). 

CASE 10 (d) 

• Similarly, the shear modulus, yr, was now decreased by 10% to give a 

value of 3.21 from 3.57. All the other constants were fixed to their original 

values (see Table A.5). 

CASE 10 (e) 

• The locking stretch ratio, A., was increased by 10% to give a value of 7.94 

from 7.22. All the other constants were fixed to their original values (see 

Table A.6). 

CASE 10 (f) 

• Similarly, the locking stretch ratio, An , was now decreased by 10% to give 

a value of 6.5 from 7.22. All the other constants were fixed to their original 

values (see Table A.7). 

CASE 10 (g) 

• The global interaction parameter, a, i.e. the interaction between the chains 

of the material [ABAQUS 2004] was increased by 10% to give a value of 

0.67 from 0.61. All the other constants were fixed to their original values 

(see Table A.8). 

CASE 10 (h) 

• Finally, the global interaction parameter, a , was now decreased by 10% to 

give a value of 0.55 from 0.61. Similarly, all the other constants were fixed 

to their original values (see Table A.9). 

For each of the nine cases mentioned above, the agreement between the non-linear 

viscoelastic model and the mechanical test data is shown in Figure A.1 to Figure 

A.9. The material constants are subsequently used in the numerical simulations, 

which were all conducted at a ram speed of 50mm/min. The numerical predictions 

for the extrusion force are all plotted in Figure A.10. 
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From this study it can be concluded that there is not a particular parameter that can 

be considered overly important. However, in terms of predicting the extrusion 

forces, it has shown that by altering the global interaction parameter, a and locking 

stretch ratio, 2m , by ±10%, a large difference in the steady state force predictions is 

obtained. Considering CASE 10(g) as an example, where a was increased by 10% 

from its original value, it is observed that the mechanical tests data are 

underpredicted especially for the biaxial tension (see Figure A.8). In other words 

the material is less stiff than it actually is. The consequence of this is that the 

numerical extrusion force is approximately 23% lower than the force 

corresponding to the original set of constants (see Figure A.10). Similarly, by now 

decreasing the global interaction parameter by 10% (CASE 10(h)), the model 

shows an overprediction of the mechanical test data (see Figure A.9) i.e. a stiffer 

material. The numerical simulations with these material parameters lead to an 

extrusion force which is approximately 21% higher that the force corresponding to 

the original set of constants. A similar observation, i.e. a large effect on the steady 

state forces, was obtained when the locking stretch ratio, Ain , was altered ± 10% 

from its original value. 

From the results of this sensitivity study it seems that the biaxial tension data are 

critical with regards to the material model calibration. This is because the changes 

in the biaxial stress-strain curves are a great deal larger than the changes in the 

uniaxial stress strain data (both tension and compression) when the An, and a are 

varied. This implies that the significant changes in the extrusion force are directly 

linked to the changes seen in the biaxial data. This finding is in agreement with the 

comments made in Chapter 7, i.e. that reasonable predictions of the extrusion force 

are obtained when CASE 4 constants are used. The latter were calibrated using 

relaxation and biaxial data only. This also agrees well with the conclusions in 

Chapter 6 where it was stated that reasonable characterisation of the material 

behaviour under different loading conditions are obtained when the material model 

is calibrated using relaxation and biaxial data only. 
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Figure A.1. Comparison between model and experimental data for CASE 10 (original). 
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Figure A.3. Comparison between model and experimental data for CASE 10(b). 
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Figure A.9. Comparison between model and experimental data for CASE 10(h). 
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