Mechanical Characterisation, Processing and
Microstructure of Wheat Flour Dough

Mohd Afandi P Mohammed

August 2012

Mechanics of Materials
Department of Mechanical Engineering

Imperial College London

A thesis submitted for the degree of Doctor of Philosophy of

Imperial College London and the Diploma of Imperia College



Declaration of Originality

| hereby declare that all material in this thesis is my own work except where clearly

stated otherwise, in which case references are always provided.



Abstract

The mechanical behaviour of dough, gluten and Istaras studied in an effort to
investigate whether bread dough can be treated ta® ghase (starch and gluten)
composite material. Mechanical loading tests reackahte dependent behaviour for
both the starch and gluten constituents of dougjerd is evidence from Cryogenic
Scanning Electron Microscopy (Cryo-SEM) that damagé¢he form of debonding
between starch and gluten occurs when the sampteeitehed. In addition, the Lodge
material model was found to deviate from the temsind shear stress-strain test data
by a considerably larger amount than from the cesgon test data. This could
indicate that ‘damage’ is dominant along the gltgt@rch interface, causing
debonding; the latter occurs less under compredsaating, but is more prevalent in
tension and shear loading. A single-particle firllement model was developed
using starch as a filler contained in a gluten mafrhe interface between starch and
gluten was modelled using cohesive zone elemertsdaimage/debonding occurring
under opening/tension and sliding/shear modes.nlimeerical results are compared
to experimental stress-strain data obtained atowariloading conditions. A
comparison of stress-strain curves obtained fromaBB 3D single-particle models
and a multi-particle model led to good agreemardicating that the single-particle
model can be used to adequately represent the strigcture of the dough studied
here. Finally, the simulation of extrusion was paried using the finite element
method, where demonstration of the predictive caipalbf a continuum numerical

model with small scale experimental results wasopered.
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(@) The von Mises contour plots; anyl €ktrusion pressure
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Chapter 1. Introduction

1.1 Overview of Bread-Making Process

Bread-making is the process of producing breadgusiheat flour and water. It is

considered as one of the oldest food manufactuaolgniques, dating back from the
period of ancient Egypt, as shown in Figure 1.14a3ystematic procedure of bread-
making by ancient Egyptians in Figure 1.1(a) shtvescomplexity of the procedure,
starting from pounding the grain, mixing and knegdihe dough, and baking (from
top left to top right in Figure 1.1(a)). The middédt image in Figure 1.1(a) shows the
workers making the bread into different shapes, ematainers of water used for
dough mixing are shown in the middle right imagéeTbottom images in Figure
1.1(a) show the workers milling the grain into flausing a grindstone equipment
before making the bread (from bottom right to bwttéeft in Figure 1.1(a)) An

example of bread produced by ancient Egypt is shawgure 1.1(b), dating back to
1500 BC. Meanwhile, the bread-making history in dpar started as early as the

Pompeii era, as shown in the painting of “HousBaler” in Figure 1.1(c).



bl

(b)
Figure 1.1. (a) Ancient Egypt bread-making prodéssiregypt 2010]; (b) bread

produced by ancient Egypt, dating back to 1500 Bish Museum 2010]; and (c)

the painting of “House of Baker” [BBC 2010].

In modern day bread-making, an automated breadrngakiocess has been employed
to cope with the increasing demands on bread ptmatugolume. An example of an
automated dough-making manufacturing line whichseia of mixer, extruder,

sheeter and cutter is shown in Figure 1.2.



Mixer and Extruder

Figure 1.2. Modern dough production line [Rondod2@#&0] from mixing to cutting

processes.

Even though the dough-making process has becoroeated, information about the
mechanical/ rheological behaviour of wheat flounglo and its influence towards the
process is less understood. Since a modern maatfagtline produces a large
volume of dough at a time, a detailed understandinipe rheological behaviour of
dough is important to produce a consistent dougllityu In addition, a non-uniform

shape of bread causes difficulties in packaging eodld be less appealing to

consumers.

In a large scale mixing process, food technologistsd to spend a large amount of

dough to find the optimum mixing parameters usimg aind error methods. This is



because under-mixed or over-mixed dough has lessi@ty than ‘optimum-mixed’
dough produced with ‘optimum’ mixing parameterseTinder-mixed or over-mixed
dough may not rise properly during proofing and ibgk[Dobraszczyk and
Morgenstern 2003], which would produce bread thatnbles when consumed by

humans or stales quickly.

Bread-making is still being seen as an art or aatier than a scientific approach
[Hicks and See 2010], where most of the procedesran the experience of the
bread-maker. Therefore research into dough rheoisgyeeded to replace current

empirical and ‘trial and error’ approaches.

1.2 Project Aims and Objectives

1.2.1 Previous Studies on Wheat Flour Dough at Imperial College

Studies on wheat flour dough comprising of expentak analytical and numerical
analyses have been conducted at Imperial Collegeefeeral years. The results from
this work are summarised in the following publiocas: “The biaxial deformation of
dough using bubble inflation technique” [Charaladasiet al. 2002a; Charalambides
et al. 2002b], “Effect of friction on uniaxial compresgioof bread dough”
[Charalambidest al. 2005] and “Large deformation extensional rheolodyread
dough” [Charalambideset al. 2006]. The information from the mechanical
characterisation was used to predict the behavafuwheat flour dough during
sheeting [Xiaoet al. 2007] and extrusion [Wanigasooriya 2006]. Thissibewill
investigate the mechanical behaviour of wheat fldough using experimental work
described in all these publications, followed bguitable constitutive model which

will be developed based on the microstructure thebwheat flour dough [Amemiya



and Menjivar 1992; Dobraszczyk and Motgenstern P083continuum material
model will then be developed for a processing stoflydough, specifically the

extrusion process.

1.2.2 Problem Statements

Wheat flour dough is a viscoelastic, i.e. a timpatelent behaviour material which is
subjected to large deformation during processing.obtain an accurate material
model for dough is complicated due to factors tite highly non-linear stress strain
relationship at large deformations, time depentehiaviour and the possible change
in microstructure at large deformation. These heaugsed difficulties in achieving a
consistently high quality in the final baked produdany rheological tests of dough
reported in the literature are inappropriate indpréng the end use quality since the
tests do not measure the system under approprigf@ntation conditions (i.e.
compression tests in laboratory at <10 mm/s [Kad&sHi et al. 2010] compared to
industrial dough sheeting rate at >500 mm/s [Roadd2]) and do not account for
the microstructure of dough responsible for theitglquality [Dobraszczyk and

Motgenstern 2003].

In addition, the rheological properties of doughruat be determined accurately with
one of the simpler suggested constitutive models)aly the Lodge rubberlike model
[Tanneret al. 2008] or the Phan-Thien-Tanner (PTT) model [PhareiT& al. 1997].

These models as well as others currently availabidy focus on the dough
behaviour in terms of time and deformation withd¢aiting into consideration the
microstructure of dough. This in turn causes incletep understanding of the

behaviour of dough during the processing. It igpsated that the differences in the



stress-strain results at low and large deformatibmough [Uthayakumaraet al.
2002] are due to the interaction among differemhgonents of dough microstructure,

i.e. starch and gluten.

1.2.3 Research Objectives

The aim of this research project is to investigage mechanical behaviour of wheat
flour dough using mechanical loading tests. Thesaffof deformation on the
microstructure of dough, i.e. starch and glutel, é investigated. This includes the
mechanical properties of dough, gluten and starcteuvarious deformation modes,
namely under uniaxial compression, uniaxial tensiamd simple shear.
Microstructure studies using Cryogenic Scanningctebe Microscopy (Cryo-SEM)
will be conducted to investigate the effect of defation on the microstructure of

wheat flour dough.

The information from the mechanical tests and C3§M results are then used to
establish constitutive laws which capture the rinedr response of the material. This
includes rheological and micromechanical modelsiciwttan be employed in the
finite element method. The micromechanics model taite into consideration the
non-linear response of dough constituents, i.eclstand gluten, and the interface
between the constituents. Finally, the simulatibexdrusion is performed using the
finite element method, where demonstration of thedigtive capability of a

continuum numerical model with small scale experitakresults is performed.



1.3 Project Outline

The thesis is separated into seven chapters. Ghamiscusses an overview of the
bread-making process and description of the proj&itapter 2 summarises
microstructure and mechanical testing studies aftddrom previous literature. This
is followed by Chapter 3 which describes in detaiious material models that have
been suggested for dough and were also investigatetie current work. This
includes the Lodge rubberlike, visco-hyperelastiscoplastic and micromechanics
models. Chapter 4 then explains the sample preparfr dough, gluten and starch,
and experimental methods under uniaxial compressinraxial tension and simple
shear. Cryo-SEM test procedures are also explamtds chapter. The experimental
results for gluten, starch, and dough are showndsclissed in the same chapter.
Information from the experimental results is usedGhapter 5 for constitutive
modelling using different material models, namdhg tLodge rubberlike and the
micromechanics models. In particular, the microna@ots model will take into
account the interface between starch and gluteapteh 6 focuses on the numerical
study of ram extrusion of dough, where comparisane performed between
continuum models and experimental results by Wanigaya [2006] and Lim
[2007]. Finally Chapter 7 concludes the thesis atebcribes possible future

investigations.



Chapter 2. Mechanical Characterisation and

Microstructure of Wheat Flour Dough

2.1 Introduction

The stress-strain relationship describes the amafuhéformation in a material which
is subjected to an external force or vice versacubate stress-strain measurements
are important to ensure the stress-strain resuitaireed represent the mechanical
behaviour of a material. To obtain this, carefuhpée preparation and mechanical
test procedures are needed, especially for saft amterials like wheat flour dough

[Dus and Kokini 1990].

An investigation on the mechanical behaviour of athéour dough is performed to
understand the behaviour of dough during procesamnagbaking. It is important to be
able to measure the mechanical properties so tbastitutive models can be
developed that can predict dough behaviour undérdnt loading conditions. The
model can then be used to simulate processes ohtwdmigh, i.e. sheeting and
extrusion. For example, a method of using rubbast&ity and viscoelasticity has
been employed to represent the mechanical behaofalough [Charalambidest al.

2006], which was then applied in a simulation ofiglo sheeting using the finite

element method [Xiaet al. 2007].

The mechanical behaviour of dough can be charaetkrising extensional and shear
tests. Extensional tests are performed under wali@mampression, uniaxial tension
and bubble inflation modes. Shear tests on theradtl@d are performed using

rheometers under strain sweep and frequency swexesnat small deformation



[Phan-Thien and Safari Ardi 1998; Ng and McKinle§08; Lefebvre 2009] and

constant shear strain rate (CSSR) mode at largerdafion. Shear tests at oscillatory
large deformation, i.e. Large Amplitude Oscillat@hear (LAOS) were performed
by Phan Thieret al. [2000] and Nget al. [2011]. The advantage of readily available
equipment like the rheometers attracts researcteerisclude shear properties in

dough studies.

The stress-strain relationship of dough is studieder small and large deformations.
Uthayakumararet al. [2002] observed differences in the stress-stragults at low
and large deformation, which are believed to betdube interaction among different
components of dough microstructure, i.e. starch glaten. Amemiya and Menjivar
[1992] on the other hand believe that the stresspstelationship of dough can be
described using a microstructure based theory. efbex in this chapter, the
microstructure of wheat flour dough is discussest,fiwith dough being a composite
of two main constituents, namely starch and gluféns is followed by a discussion
on the water distribution between gluten and stahehing mixing from literature.
Mechanical tests on dough are described next, ryaomeler uniaxial compression,
uniaxial tension and shear rheometry modes. Finatyogenic Scanning Electron
Microscopy (Cryo-SEM), a technique to observe thierostructure of dough is

discussed.

2.2 Microstructure of Wheat Flour Dough

2.2.1 Wheat Flour

Before discussing the microstructure of wheat fldough, it is worth mentioning

wheat, a cereal grain used to make wheat flour. Uhiked States Department of



Agriculture (USDA) classifies six classes of whaamely Hard Red Spring, Hard
Red Winter, Hard White, Soft White, Soft Red Winded Durum [USDA 2011]. The
classes of wheat in the USA depend on where theatisegrown, i.e. Hard Red
Winter is primarily grown in Texas, whereas Hard itWhand Soft White in

Washington, Oregon, Idaho and Michigan.

The National Association of British and Irish Milde(NABIM) on the other hand,
classify wheat into four different groups consigtiof thirty wheat varieties in total
[NABIM 2011]. Examples of the wheat varieties inbtuSolstice and Hereward in
Group 1, and Cordiale and Einstein in Group 2. Wieeat varieties are assessed
based on the wheat growing conditions and feedback milling companies in the
UK. The classification is performed to guide thdlimg companies. There are thirty
companies associated with NABIM in 2011 [NABIM 201The milling companies
select specific wheat varieties and process thentdommercial markets. The most
commonly available wheat flour types in the comnsrmarket are, for example
strong wheat, plain and self-raising flour. Thegees of flour are normally used for
different products, i.e. the strong wheat flouuged to make bread, plain flour for

biscuits and pastry, and self-raising flour foresk

The main components in wheat flour are starch @84Av/w), gluten (6-18 % wiw),

and lipids, ash and gum (3-4 % w/w) [Figoni 201The actual percentage of flour
components depends on the type of the flour, iteayhkumaran [2002] measured
the gluten content of Australian Strong and BaKkrsr type as 13.9 % and 12 %
respectively. Most of the rheological work on whéatr dough has been focussed

on starch and gluten, since these are the largesstituents of wheat flour
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[Uthayakumaran 2002; Ng 2007]. A detailed explaratof the microstructure of

gluten and starch will be provided in Sections2dhd 2.2.4 respectively.

2.2.2 Dough Mixing

Wheat flour dough produced in industry normally sists of wheat flour, water, salt,
yeast, emulsifier and sweetener. To provide a gmiplechanical/rheological study,
only a simple mixture of wheat flour, salt (sodigiroride) and water are considered
in this study. Mixing is often performed in labayaées using a mixer which has the
capability to record the torque response over ngixime in order to determine the
optimum mixing time. The mixing time and hence gygorovided during mixing of
dough is important because undermixed or overmigedgh will influence the
mechanical behaviour of dough. This is becausenthen dough components, i.e.
starch and gluten get hydrated and develop inierectfAmemiya and Menjivar
1992; Goesarét al. 2005] during the mixing process. An example of imgxtorque
versus time plot for a sample of dough is showrFigure 2.1(a) [Wanigasooriya
2006]. The dough was mixed at a constant speed®frdim using a planetary pin
mixer. The mixer consists of four planetary pinstba head revolving around two

stationary pins at the bottom of the mixing bovel shown in Figure 2.1(b).
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Figure 2.1. (a) Mixograph output of flour dough\Manigasooriya [2006] at a
constant speed of 118 rpm; and (b) the planetarynaxer used by Wanigasooriya
[2006]. A mixture of 62 % w/w, 37.5 % w/w and 0.5Whv of wheat flour, water

and salt respectively was used to make the dougiréph in (a).

The graph in Figure 2.1(a) can be separated imeetregions: undermixed, optimum
mixed and overmixed. At the beginning of the mixstgge, the resistance towards
deformation of dough is low, as indicated by th& torque values in the undermixed
region. In this stage, hydration of starch andegiutccurs, followed by a mechanical
development of the gluten network and starch [Zhetre. 2000; Dobraszczyk and

Mortgenstern 2003]. The mechanical developmentlteesn an increase in dough

resistance to deformation, as shown by the inangakirque at increasing mixing

time (>100 seconds mixing time) in Figure 2.1(aheTtorque then peaks at the
optimum mixed region, a region also known as peatkgth development [Zheng

al. 2000]. This occurs at a mixing time range of 150@-keconds in Figure 2.1(a).

Further mixing causes a reduction in the torqueejalvhich is believed to be caused
by the large gluten network being broken into seratletworks due to mechanical

force [Zhenget al. 2000], and possibly damage of the starch and mlinterface.
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2.2.3 Gluten

Gluten is a major protein in wheat flour dough, evhiconsists of two major
subcomponents, glutenin and gliadin. Glutenin @a@ein consisting of 20 % high
molecular weight (HMW) subunits and 80 % low molecweight (LMW) subunits

[Edwardset al. 2003]. Glutenin is responsible for the firmnessdolugh in bread

making because it increases the stability of dotlglough a three dimensional
network that forms between the protein moleculesnduthe kneading process
[Pfluger 2009]. Gliadin is a glycoprotein presentwheat and it is around 60 %
soluble in ethanol. These proteins are essentigivimg breads the ability to rise
properly and fix their shapes on cooking [Pflug€02]. Schematic images of
glutenin and gliadin structures are shown in Fig2r2. Glutenin consists of long
fibers (Figure 2.2(a)), whereas gliadin is the skwrsted fibers located between the

long glutenin fibers (Figure 2.2(b)).

L 4

Linear Glutenin Glutenin plus Gliadin

(@) (b)

Figure 2.2. Images of: (a) glutenin; and (b) gliteand gliadin (reproduced from

Edwardset al. [2003]).

The mechanical behaviour of wheat gluten has bemestigated by previous
researchers [Singh and MacRitchie 2001; Ng and Miexi2008; Uthayakumarast
al. 2002]. Singh and MacRitchie [2001] described tl&emsion of large glutenin

molecules in terms of rubber elasticity by desagbthe entanglement of glutenin
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chains. Dobraszczyk and Mortgenstern [2003] ondtier hand described how the
presence of chain branches gives rise to straideharg, which is a necessary
property for the stability of polymers that undelgoge deformation. These studies
suggest that gluten can be treated as a rubbemierial. However it should be
noted that gluten is different than some convemtionbbers (i.e. natural or synthetic
rubber) since gluten absorbs water for hydrationngumixing of dough, as well as

having glutenin and gliadin structures.

Gluten can be prepared in either wet (also calietive”) or dry (also called “vital”)
form. The extraction of gluten from wheat flour dbuwas first performed almost
300 years ago by an lItalian named Beccari. His masshing technique is still
employed in the commercial process today. An exaroplthe preparation of gluten
in wet form is provided by Abang Zaidetlal. [2008], following the Standard AACC
[1976] procedure. They obtained gluten from doughmMashing and massaging the
dough under running tap water to remove the starbley assumed the starch was
absent when cloudiness did not appear in a comtainelear water after the gluten
was squeezed into it. The sample obtained usirsgniigthod is known as wet/native
gluten. Alternatively, the wet gluten can be cubismall pieces and allowed to dry
for ~24 hours at room temperature. The dried glutertlvzam be crushed with mortar
and pestle to become powdered gluten. The powdateismixed again with water to

produce reconstituted wet gluten, also known & gitten.

Ng and McKinley [2008] for example mixed dry glutesith water for 12 minutes to
produce vital gluten. They have found that the mouoésweight content of gluten is
between 60-65 % based on the observation of exeates in the mixing bowl during

the gluten mixing process. When the moisture cdntemoo low (i.e. < 60 %), the

14



gluten appears to be too dry, whereas when theegbid too high (i.e. > 65 %), the
gluten appears wet, with unincorporated water mbalethe bottom of the bowl. The
mixograph output of the gluten-water mixture peried by Ng and McKinley [2008]
is shown in Figure 2.3. It shows that once the orixts fully developed, the peak to
peak fluctuations remain approximately constanthwib noticeable change after
approximately 800 seconds. In comparison, the nmaquig of flour dough in Figure
2.1(a) [Wanigasooriya 2006] shows that the peatumdrops after 200 seconds once
optimum mixing is achieved. This suggests that raonage occurs in gluten

compared to dough during the mixing process.

S T T

3.0 Raw data

Moving average 50s

'!llllllllllll

25 =mess Average peak amplitude
I C
c 20F
3 C e,
i 'SE ' ——
< : r
- '.’ -
1.0 5 —
- 1 —
osk =
0.0-' e - O I TN TTE P EE Nl F R
0 200 400 600 800
Time [s]

Figure 2.3. Mixograph output of the gluten-watexiure by Ng and McKinley

[2008].

Native and vital gluten each have distinctive adages and disadvantages. As a
result, there is considerable debate about whithasbest to represent the gluten in
mixed dough. Table 2.1 provides a list of pros aods of the wet and dry gluten

sample preparation [Ng 2007]:
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Table 2.1. Pros and cons of vital and native gkiten

Vital Gluten

Native Gluten

Pros

Dry gluten can be mixed withThe network formed during mixing of

sufficient amount of water anddough is still retained, which enables the

the mechanical work input can beneasurement of the properties of the

recorded during the mixinggluten constituent of dough. These g¢an

process.

be used in a composite model of dough.

Cons

Production involves drying andDifficult to  maintain  consistent

milling, which may irreversibly

mechanical work input and ultimate

damage or alter the network o¥vater content during manual washing

gluten that is formed uponand massaging the dough under running

hydration.

water.

Vital gluten can be prepared with a prescribed arhad water and the mechanical

work input can be recorded during the mixing precétowever, the disadvantage of

vital gluten is that the production of dry glutewvolves drying and crushing, which

may irreversibly damage or alter the network otegtuthat is formed upon hydration.

Native gluten on the other hand still retains théemn network formed during mixing

of dough, which makes it possible to determine pheperties of the gluten as it

appears in the actual dough material, as indicatdable 2.1. Therefore, in order to

obtain gluten which represents the dough constituea real system, native gluten is

preferred over vital gluten.

16



2.2.4\Wheat Starch

Wheat starch consists of two types [Taneteal. 2011b], type A and type B. Type A
is oblate in shape, while type B is circular in ghaA good review on starch is
provided by Goesaest al. [2005]. Starch represents the largest portionladrf

[Stauffer 2007], where it comprises of amylose antylopectin. Dry starch granules
absorb water for hydration during dough mixing. Tpleases of starch-water at

different temperatures are shown in Figure 2.4.

(c) Gelatinisation: (d) Retrogradation:
Amylose leaching and Formation of amylose network
Partial granule disruption

(b) Gelatinisation:
Swelling

(a) Native starch granules

Room temperature Heating Cooling
(i.e. 22°C) (i.e. 90 °C) (i.e. 22 °C)
Figure 2.4. The phases of starch-water at diffet@mniperature (reproduced from

Goesaertt al. [2005]).

Below a characteristic temperature, also known elatigisation temperature, the
hydration process of starch is reversible, as showhigure 2.4(a). Gelatinisation
first occurs when the starch swells, as shown guie@ 2.4(b). The gelatinisation
temperature is determined using Differential Scagralorimetry (DSC). In Figure
2.5, the starch swelling factor investigated byt&eand Morrison [1990] is defined

as: swelling factor = (swollen volume)/(initial wwhe of air-dried starch). The
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procedure to measure the starch swelling factdescribed by Tester and Morrison

[1990].

—iF
12|~

Swelling Factor

o bjp—1 I I 1 1
40 50 60 70 80 90

Temperature, °C

Figure 2.5. Gelatinisation in terms of swellingttacversus temperature of wheat

starch (reproduced from Tester and Morrison [1990])

In Figure 2.5,T, , T, andT, represent the onset (initiation of gelatinisatjopgak

(mid point gelatinisation) and conclusion (complgg&atinisation) temperatures at
approximately 45C, 60°C and 70°C respectively. It is observed in Figure 2.5
that starch continues to swell after the conclusenperature. However, once starch
is heated higher than 85-9C , it undergoes a series of changes which leads to
irreversible destruction of the starch granulesTitveversible destruction is observed
in amylose, a component of starch which is in aljisie form at low temperatures

[Stauffer 2007]. When starch is heated, the crigggabhmylose solubilises, or starts to
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flow out of the starch granules [Hermansson andgfnaek 1996], as shown in

Figures 2.4(c) and 2.6.

Starch granule

1.0pm

Figure 2.6. Transmission Electron Microscope (TEMage of wheat starch granule
heated a75 °C [Hermansson and Svegmark 1996]. Amylose is shovatart

leaching out of through the opening of the stan@ngle.

If the heated starch is cooled back to room tentpegai.e. 22°C , it will form an

amylose network in crystalline state known as ggtrdation, as shown in Figure
2.4(d). Retrogradation is also believed to causestiling process of bread during
storage [Hermansson and Svegmark 1996]. Staliagpkenomenon of bread which
leads to tough crusts, with a firm and a less elasumb. This causes the bread to

lose its moisture, flavour and texture when consime
2.2.5 Water Distribution between Wheat Flour Components

The water distribution between flour components, starch and gluten, needs to be
known to ensure the amount of water added to fowsstituents (e.g. for vital gluten)
represents those in the mixed dough. A few metltaodsavailable to measure this,

namely the simple liquid addition method and the@ewaapour absorption method
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[Roman-Gutierrezt al. 2002a; 2002b]. To select between these methodsresq
information on the hydration properties of the flacomponents, where Roman-

Gutierrezet al. [2002b] discussed that this depends on two factors

1. ability of the flour components to interact with teamolecules;

2. their ability to trap a large amount of water iresithacromolecular complexes

formed by the swollen flour components.

These factors are difficult to quantify due to fil@ur components (i.e. starch and
gluten) competing for water during the hydratiogass [Ng 2007]. This in turn
makes it almost impossible to determine directly Water distribution for each flour

component when water is added during mixing.

Therefore assumptions are made in the methodstevnti@e the water distribution
between flour components. In the simple liquid #ddi method, the gluten is
assumed to take the water first for hydration betbe remaining water is then taken
by starch. In the water vapour absorption methotherother hand, Roman-Gutierrez
et al. [2002b] measure only the ability of the individdaur components to trap
water molecules without considering any competiffgoes for water between the

flour components.

Roman-Gutierrezet al. [2002b] measured the ability of the individual uto
components to trap water molecules by measuringnées of an initially dry sample
(i.e. starch) placed on an atmospheric microbalanc& continuous flow of air at
controlled relative humidity. The mass of water absd at different humidities,

which is known as the water activitg, , was then used to determine the theoretical
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distribution of water in dough through the Guggentk&nderson-de-Boer (GAB)

model. The GAB model is described as:

M = (MoCkaw) (21)

(1-ka,)(1-ka, +Cka,)

where M is the equilibrium water content (% dry basis)davi,, C and k are

model parameters used to fit the experimental ddta.theoretical water distribution
among flour components for a strong wheat flouetyas found to be approximately

88 % for starch and 12 % for gluten/others at 6@ebitive humidity and 23C .

2.2.6 Effect of Microstructure on Stress-Strain Behaviour of Wheat Flour Dough

Two major components of wheat flour dough that bedieved to influence the

mechanical properties of dough are starch andmgl@e applying mechanical action
during mixing, hydrated gluten aggregates partidlgsociate, unfold, and stretch to
form a gluten phase throughout the dough [Ameming Menjivar 1992]. The starch

granules and gluten phase then interact by formstagch-starch, starch-gluten and
gluten-gluten interactions, as shown in Figure &farch-starch and starch-gluten
interactions are an important source of elastisityhe dough based on the starch
concentration present. The interactions store piadesnergy upon deformation and

thus contribute to the elastic behaviour of dough.
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Starch-starch G:]uten
Interaction™ > Phase

Starch-gluten
Interaction

Starch
Granules

Figure 2.7. Microstructure interactions in wheaufl dough (reproduced from

Amemiya and Menjivar [1992]).

The stress-strain relationship for dough can berpméeted using these interactions, as
illustrated in Figure 2.8 for the simplest modedeformation, uniaxial tension. The
curve shown is one that was measured in the cuwerk at a strain rate of 5/min.
The influence of starch and gluten interactions2Bnd 3 in Figure 2.8(b)) on the
stress-strain behaviour is discussed below. Tlessistrain curve is divided into four
regions; pre-yield, plateau, strain-hardening arut pfracture corresponding to

regions i to iv in Figure 2.8(a) respectively.
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True stress (kPa)

True strain

i Pre-yield/ ii: Plateau iii: Strain-Hardening iv: Post-Fracture
1%

’ \\
sl »
b 3P

1:Starch-Gluten interaction

- Starch.Starch interacti 4:Starch-Gluten interaction break 6 Stretching of Gluten 7:Gluten chain break
: Starch-Starch interaction A . ) .

) ) 5: Starch-Starch interaction break chain 8: Gluten-Gluten interaction
3: Gluten-Gluten interaction break

Figure 2.8. (a) Different regions of the stressistcurve of wheat flour dough under

uniaxial tension; and (b) starch and gluten intéoas in the different regions ((b)i is
reproduced from Amemiya and Menjivar [1992] andiifom Dobraszczyk and
Morgenstern [2003]). Stress and strain in Figu8¢d).are calculated through

Equations (2.2) and (2.3) in Section 2.3.

In the pre-yield region (region i in Figure 2.8(agfort range starch-starch and starch-
gluten interactions are likely to dominate the mesge measured (1 and 2 in Figure
2.8(b)) whilst gluten-gluten interactions (3) haveninor effect. In the plateau region
(region ii in Figure 2.8(a)), the starch-starch atarch-gluten interactions start to
break down due to deformation (4 and 5 in FiguB{®). It is likely [Dobraszczyk
and Morgenstern 2003], based on the theory of petymelts, that disentanglement

in gluten-gluten interactions at some point mayrpethe gluten chain to move about
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freely and act as a viscous liquid. When the doemfiers the strain hardening region
(region iii in Figure 2.8(a)), the microstructure determined by two processes:
further break down of short-range interactions Wwhiause flow, and resistance by
longer-range gluten-gluten interactions (6 in Fegar8(b)) [Amemiya and Menjivar
1992]. When a continuous gluten phase is preselterggluten interactions
dominate the region and the continuous networkggivge to the strain hardening

effect. This phenomenon is also known as elastanbetaviour [Ferry 1980].

In the strain hardening region (6 in Figure 2.8(he presence of chain branches is
important in giving rise to strain hardening, whisha necessary property for the
stability of polymers that undergo large deformatjDobraszczyk and Morgenstern
2003]. Strain hardening in dough is thought to eansainly from entanglement
coupling of the larger gluten molecules which givise to the high stress observed
under high strain [Singh and MacRithie 2001]. Egtament can be viewed as one of
the physical constraints between segments of tiymao chain, rather like knots,
where the polymer chains lock and are not free twvempast each other. This is

shown in Figure 2.9.

Entanglement of gluten-gluten
Interaction

Strain hardening

Figure 2.9. Strain hardening which is believedeahused by entanglement of

gluten-gluten interaction (reproduced from Dobragkand Mortgenstern [2003]).
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Strain hardening is different under extensional aikar deformation. During
extensional flow, strain hardening is attributed éotanglement of long-chain
molecules, whereas in simple shear the chains regwled and can slip past each
other, giving rise to shear thinning at higher issaDobraszczyk and Morgenstern
[2003] showed that shear and extensional viscesai® quite comparable at low
deformation. However, as the deformation increasti®sar and extensional viscosities
deviate from each other, as shown in Figure 2.XObfaxial extension and shear
rheometry test results of wheat flour dough perftrat a constant strain rate (0.1/s).
In short, shear tests show shear thinning whilsikertests show work hardening.
Finally, in the post fracture region (region iv kigure 2.8(a)), the stress reaches a
peak and the gluten chain and gluten-gluten interadegin to break down (7 and 8

in Figure 2.8(b)).

10°
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. / EXTENSION
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Figure 2.10. Large deformation biaxial extensiod shear rheometry tests results of

wheat flour dough performed at constant strain (@t&/'s) [Dobraszczyk 2004].
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2.3 Mechanical Loading Tests

2.3.1 Uniaxial Tension

The uniaxial tension tests are performed by clagdnoth ends of a sample and
pulling them in opposite directions at a fixed raging a testing machine. The load
direction in a tensile test is opposite to the lahgkction in a compression test.
Various methods have been employed to measurerisée properties of dough. The
challenge in uniaxial tension tests is to propeslgmp the ends of a sample,
especially for soft solid samples. A non-propeigntgped sample causes flow at the
ends, causing inconsistent strain-strain results. éxample, in the “Hook design”

tensile test by Toh [2000], both ends of the dosglp were clamped and extended
upwards at the centre by a hook to form a V-shapeshown in Figure 2.11(a). This
technigue is not accurate due to the effect of nstdow at the clamped region

when the strip is extended, which in turn causecbnsistent results. Ng and
McKinley [2008] on the other hand used the Filanetmetching Rheometer (FISER)
for the transient tensile tests of dough. FiSEResigned to monitor in real-time the
evolution of the mid-plane diameter during the expent, as shown in Figure

2.11(b). An example of the sample deformation oles®rwith FISER is shown in

Figure 2.11(c).
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26mm

Figure 2.11. (a) “Hook design" tensile test; (6BER test; and (c) observation of

tensile test using FISER [Ng 2007].

To obtain uniform deformation in dough tensile sestharalambidest al. [2006]
and Wanigasooriya [2006] performed uniaxial tengesis using samples made from
a dumbbell shaped mould, a cylindrical flared e@&#K) mould and an “I” shaped

mould, as shown in Figure 2.12.
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(a) Cylindrical Flared End | (b) Dumbbell Shaped (c) “I"” Shaped

(CFE)
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Figure 2.12. (a) Cylindrical Flared End (CFE); ¢nimbbell; and (c) “I” shaped

moulds [Wanigasooriya 2006].

The tensile tests procedure is as follows. A saropldough is placed into a mould
(dumbbell, CFE or “I” shaped moulds) before theemsscdough is cut off according to
the shape of the mould. The sample ends are thetech¢CFE and dumbbell shaped
mould) or air dried (“I" shaped mould), so that thied sections harden and can be
glued to the test platens. This will also ensurdlow from the sample’s end during
the tests. Consistent results were obtained usurgbbtiell shaped, CFE and “I”
shaped moulds, indicating the importance of dryimvgends of the sample. However,
it was found that “I” shaped mould sample preparais the fastest from the rest of
the other designs and the results of the testsinglatausing this geometry are
comparable to the other two designs. This is becdhe end sections of the “I’
shaped mould is thinner and quickly air dries, whsrthe end sections of the other
moulds require a longer time to harden from heatfg example of experimental

results using “I” shaped mould is shown in Figur&32 A uniform deformation is
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observed across the sample, as indicated by tbe tmarked on the sample in Figure

2.13.
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Figure 2.13. Observation of tensile test usingshape mould [Wanigasooriya 2006].

As shown in Figure 2.12(c), the strain,during uniaxial tension test for the “I”

shaped geometry is described as:

E=In—. (2.2)

|, is the original gauge length, ahds the current Iengtl(nl =1, +5), with 0 being

the displacement. The true streas,s calculated as:

_4F |
D2 |,

(2.3)

where D is the original specimen diameter akdis the applied load.

2.3.2 Uniaxial Compression

The main objective of compression tests is to mlewa true uniaxial stress without
any shear deformation taking place. It is a popufaaxial test because it is relatively

easy and simple to prepare appropriate sampldbdéaest. There is no need to clamp
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the end of the sample as in uniaxial tension testsd only a PTFE
(Polytetrafluoroethylene) ring shape mould is neeeproduce a cylindrical shaped
sample, as well as PTFE platens for the tests. Mervehe main challenge in
compression tests is friction between the sampte the loading platen interface,
which causes inhomogeneous uniaxial stress. THextefs also known as the
“friction hill” that causes barelling of the testedecimen. For a cylindrical sample in
compression, barelling is a phemonenon where thmeter half way through the
length of the compressed sample being larger thamimeter at the top and bottom
edges [Charalambides and Dean 1997], as showmgurd-R.14(b). Charalambides

al. [2006] showed that the severity of the frictiomatking (localised deformation
within the specimen which causes barelling) wilcdmme less pronounced when the
height of the sample is increased. For a taller pamthe frictional locking is
negligible as the overall sample volume is lardgemnta shorter sample of the same
diameter. Lubricant is used to eliminate the faoteffect between the sample and the
platen surface. Charalambidetisal. [2005] for instance used 500 centistokes silicone
lubricant to achieve a near frictionless comprasdest. They found out that no
barelling is observed on the sample when the lahtias used, as shown in the
comparison of images between lubricated and nonelated compression tests on

dough samples in Figures 2.14(a) and 2.14(b) réispéc
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() (b)
Figure 2.14. Compression tests on dough samplesrfzimbidest al. 2005] for: (a)

lubricated compression; and (b) non-lubricated c@sgon.

However, it should be noted that due to the frizdioeffect, compression tests can
only be used to obtain stress results up to asinaen of -0.85 to -1 [Macosko 1994;

Charalambidest al. 2006].

In a uniaxial compression test, the nominal stress¢an be described as:

g=— (2.4)

where A is the instantaneous cross-sectional area comdspp to F , the

instantaneous load. The true strains given by:
h
e=In| — 2.5
& @5)

whereh andH are the instantaneous and initial sample heigépeetively, related
by (h=H -3), with J being the displacement. By assuming incompredsiaihd a
homogeneous deformation of the material, the volushea cylindrical sample

remains constant during the deformation witt*h = 7R*H , wherer and R are
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instantaneous radius and initial radius of the damgspectively. The true stress can

then be calculated as:

_F(h
a_nRz(Hj (2.6)

Charalambideset al. [2005] and Wanigasooriya [2006] performed lubrcht
compression tests on dough samples with heightgmgrirom 6 mm to 20 mm, and

consistent results were obtained from all the hsiggsted.
2.3.2.1 Compression Relaxation

Stress relaxation tests are performed to investigad time dependent behaviour of
dough. A stress relaxation test can be conductedompression mode, where a
specimen is compressed to a required strain armtifixeld for a period of time while
the stress decay is measured. Forces incurredgdiodaing of dough will generate
stress. Upon holding at the required strain, thesstin dough will decay over a long
period of time. If the rest time is too short, grsficant amount of stress inside the
dough will be present, which in turn influences giess-strain measurements. Stress
relaxation can be described using phenomenologieahanical models consisting of
springs and dashpots. In this work, the Prony sesi@eised. The 1D equivalent of the
Prony Series in tension consists of a series ofidbelements connected in parallel

with a spring. This will be discussed later in $&tB.3 in the next chapter.
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2.3.2.2 Compression Loading-Unloading and Recovery Tests

Loading-unloading tests are performed by applyind subsequently removing a
load at a constant strain rate. In this test, aBPfllfm is placed between the surface of
the sample and the top loading platen. This isréwgnt the top platen to stick to the
surface of the sample during the unloading stagading-unloading tests are very
relevant to dough processing, particularly for singe[Xiao 2005] and extrusion

processes [Wanigasooriya 2006]. In both proceskrgh is subjected to loading and

unloading due to mechanical contact with the preiogsrigs.

To determine the recovery strain on dough and glaféer loading-unloading tests,
recovery tests on dough and gluten can be perfotmel@termine the plastic strain
and elastic recovery. Tannetr al. [2007] for example performed recovery tests on
dough in tension mode by cutting the samples atrtigglle of the specimen under a
specific strain and measured the recovery stramgus video camera. This is shown

in Figure 2.15.

@ (b)
Figure 2.15. Recovery test under tension mode pagd by Tanneet al. [2007]: (a)

during cutting; and (b) after cutting.
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From the experimental results, Taneeal. [2007] measured the recoverable strain,

&, , which is defined as:

6 = In{ length after cuttlngl 2.7)

length before cuttin

Equation (2.7) was then compared with the Lodgebedike model fitted with a

damage function [Tannest al. 2007], which will be discussed later in the next
chapter. It is worth mentioning that the recovesgttshown in Figure 2.15 does not
consider the effect of gravity, which may influeritbe recovery strain of dough on

the top and bottom portions of the specimen cunhduhe measurement.
2.3.2.3 Cyclic Compression and Cyclic Tension

Cyclic compression or tension tests are often peréol by loading and unloading a
sample under tension or compression mode at the sarain rate. The reloading
curve is activated once the stress in the unloadimge becomes zero. An interesting
phenomenon in cyclic test stress-strain curveasMllins effect. The Mullins effect
[Mullins 1947] is a phenomenon of stress softenimigich is commonly observed in
filled elastomers as a result of damage associaidstrain. An idealized response

of the Mullins effect is shown in Figure 2.16.
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Figure 2.16. The Mullins effect for a tension t@gsproduced from Ogden and

Roxburgh [1999]).

Figure 2.16 shows stress versus stretch rati@f the Mullins effect in simple

tension. The loading paths are discussed as foll[@gslen and Roxburgh 1999].

Consider first the primary loading pa(abb) during the tension test. The material
will follow the (b'Ba) path back to the original state. As the same rizhtés
unloaded again with higher strain, notice that ffagh now follows(aBb'cc) as
indicated from the arrow sign frorfa) to (c) in Figure 2.16. If the loading is
unloaded a{c), then the new unloading path will §e'Ca) . Further loading will

cause the same pattern of path.

There exist several patterns of unloading and dahgacurves of the Mullins effect,
as shown in Figure 2.17. Figure 2.17(a) shows théding effect where the reloading
response coincides with the unloading responsefeaieFigure 2.17(b) shows a

different reloading and unloading response. A padesieason why the unloading-
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reloading curve differs is because of viscoeldastidie. time dependent behaviour
[Kaliske et al. 2001]. The time-dependent behaviour can be dextriising a

combination of serial and parallel elastic and ®isc elements, or springs and
dampers respectively. Details on the viscoelastdehwill be described in Chapter

3.

Stress (kPa)
Stress (kPa)

Stretch ratio, A Stretch ratio, A

() (b)

Stress (kPa)
Stress (kPa)

|
<>

Stretch ratio, A . Stretch ratio, A
Residual A

(©) (d)

¥
«—>1

Residual A

Figure 2.17. Four types of Mullins effect ((c) aul)l are reproduced from Diasdi al.

[2009]) for rubberlike materials.

Figures 2.17(c) and 2.17(d) on the other hand lsawéar patterns to Figure 2.17(a)
and 2.17(b) respectively but they are now exhigitinpermanent set, as discussed by
Diani et al. [2009]. The permanent set refers to the residx&nsion remaining after

a sample is stretched and released, which is esfexs the residual stretch ratib, in
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Figures 2.17(c) and 2.17(d). The residual stretatiorcan be measured using
recovery tests discussed in Section 2.3.2.2. Deamal. [2009] suggested that the
reason for the permanent set is due to microstraictdamage in the material.
However it should be noted that permanent set foraterial exhibiting the Mullins

effect is very complex, since microstructure damiage material can occur in various
forms. In a filled material for example, damage oaour as debonding between filler
and matrix or cracks in the matrix or filler [Mistevsky Jr. 2007]. This highlights
the need to study the Mullins effect using a miocechanics model, which will be

discussed in the next chapter (Section 3.5).

The Mullins effect has been investigated for filletbbers [Bergstrom and Boyce
1998; Dorfmann and Ogden 2004] and biological ni@terhich behave like rubber,

such as soft biological tissues [Bergstrom and BA&3@01].

2.3.3 Shear Rheometry

Shear properties can be determined from the respohsnaterials during angular
displacement using a rheometer. The rheometer Hegdpabilities to control the
stress and strain in either continuous or sinusomdation. Two types of
commercially available rheometers are the stramtrotied rheometer and the stress
controlled rheometer, as shown in Figure 2.18. Gatrain controlled rheometer, a
shear strain or shear strain rate is applied ts#meple and the resulting shear stress
is measured. The sample geometry in the rheonmgetantrolled by a strain detector
attached to a motor and a strain transducer abdle. Both detector and transducer
are controlled by a computer. Unfortunately, th@imum strain resolution in some

instruments may not be adequately accurate to éfeluend the frequency range may
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also be limited [Kavanagh and Ross-Murphy 1998].a&tress controlled rheometer,
a shear stress is applied to the sample and ther shmin or shear strain rate is
measured. However, the fast electronic feedbackafamodern stress-controlled
rheometer allows the rheometer to be used in st@mrolled mode too. This is
possible when the measurements of the positionratadion rate of the spindle are
precisely measured using an optical encoder an@lradsition transducer. The
encoder and transducer are connected to a sopltestielectrical control system and
data logging facilities which provide real time @lenic feedback system. The
electronic feedback system then allows the comttiofitrain mode to be performed

[Barnes 2003].

<
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Figure 2.18. (a) Strain controlled rheometer; ddsfress controlled rheometer

(reproduced from Kavanagh and Ross-Murphy [1998]).

The most common shear tests performed on doughespegency sweep, strain sweep

and constant shear strain rate (CSSR) tests [Phem& al. 1997; Tannest al.
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2008; Ng and McKinley 20Q8 Frequency sweep and strain sweep tests are
performed in oscillatory mode, whereas CSSR tests@nducted under a continuous
increase in shear strain. Frequency sweep testyy impnitoring the frequency
response over time at a constant strain, whilenssweep tests imply monitoring the
strain response over time at a constant frequencySSR tests, the transient changes
in shear stress are monitored as the sample isndefbover time. The configuration

of all the shear tests is illustrated in Figure92.1

(a) Strain Sweep (b) Frequency Sweep (c) ConSthear Strain
Rate
Constant Constant Constant
Frequency Strain Strain Rate

Increased

X 1 Increased
strain g

" 71 Frequency

Base
Plate

Rotating Plate dough

Figure 2.19. Configurations for shear tests.

Shear rheometry tests can be performed either img wone-plate or parallel plate
geometry, as shown in Figure 2.20. The differeretevben these two geometries will
be discussed in Section 2.3.3.1. A main challengghear rheometry is the unwanted
slippage at the edge of the sample during shets: fbao types of forces are thought
to be responsible for the slippage, the gravitaioand the frictional forces.

Gravitational forces cause slippage if the samjdeosity is too low [Laun 2006],

whereas frictional forces cause sample slippagdigh rotation speeds due to

insufficient grip or friction during rotational mon. For soft solid materials, lack of
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sufficient friction also causes slippage of the pnbetween the plates of rheometer
especially when performed at high shear rates. iescome this problem, Ng and
McKinley [2008] and Tannest al. [2008] used sandpapers attached on the plates of
the rheometer. Another challenge is the dynamicatitn during high frequency
tests. An example of this phenomenon is the eftéctmotor inertia during the
frequency sweep tests performed at high frequenbgn the inertia effect becomes
dominant and influences the rheological properbiethe sample tested. A study by
Klemuk and Titze [2009] showed that the inertisdpense becomes more dominant
than the material response at 62 Hz for a non-Neato material, i.e.
Polyisobutylene solution. However, based on previaork, dough is usually tested
by only up to a frequency of 30 Hz [Tanretal. 2008], therefore the effect of motor

inertia can be ignored.

(@) (b)

Figure 2.20. Geometries of: (a) cone-plate; angéoallel plate rheometer.

2.3.3.1 Constant Shear Strain Rate

Constant shear strain rate (CSSR) tests are pextbtoameasure the stress response

by continuously increasing the shear strain atrsstamt rate. The configuration of the
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tests is depicted in Figure 2.20. For cone-platargery (Figure 2.20(a)), the shear

rate, y can be calculated as:

y= rw _ w
r tand tard

(2.8)

where w is the rotational speed] is the cone angle and is the radius of the
rotating plate. The shear strain in the cone-pggemetry is therefore uniform

throughout the gap.

In parallel plate geometry, the shear strain isirection of the radius, varying from
zero at the centre of the sample, to a maximunhextetige of the rotating platg,
The shear ratey, at the edge of a parallel plate geometry (Figu2®(b)) is defined

as:

y=—— (2.9)

where H is the constant gap between the upper and loveemmbter plates. Keentok
and Tanner [1982] investigated shear stress usamrgllpl plate and cone-plate
geometries with different gag , values. They proposed a minimum gap size of 1
mm and(H/R)~ 0.05, beyond which the shear stress and normasssire the
parallel plate geometry is unaffected by the gap] a good agreement is seen
between the shear stress data from cone-plateaatlgh plate geometries. However,
it should be noted that since measurements of séieass in the parallel plate

geometry is taken at the edge of the pl&e,edge fracture of the sample should be
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avoided. Tanneet al. [2008] have shown that edge fracture occurs adrssteain of

20 for a dough sample.

A last note regarding the shear data is the caorecteeded for the apparent rim
shear stress calculated by the rheometer at ldrgar sleformations as outlined by
Phan-Thieret al. [2000] and Nget al. [2011]. The motivation for this correction is
that at large strain, the material is non-lineat s might affect the accuracy of the
rheometer calculations which assume a linear sitam relationship. The apparent

shear stress for a parallel plate rheomatecalculated at the edge of the plake, is

described as:

r, (=20

(2.10)

where I (t) is the measured torque at tinte, The apparent rim shear stress is

calculated by the rheometer software using the medstorque,r(t), with an

assumption that stress is linearly proportionadttain and its time derivative [Steffe

1996; Nget al. 2011]. A corrected shear stregs, is proposed by Phan-Thiehal.

[2000] described as:

T:3r+yd(rJ ”11
= 2R Tt dy \ 2R (2.11)

whereas Ngt al. [2011] proposed the following form:
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Tanneret al. [2008; 2011a] and Macosko [1994] on the other hanoghosed a simple

correction, where the value @f is taken to be equal i, at a 3/4 radius in a parallel

plate test:

I3
Te=le| (2.13)

which means that the second term in the brack&gofation (2.12) is neglected. By

substituting Equation (2.10) into Equation (2.18) becomes:

3r(t)
2R’

(2.14)

7 (t)=

which is equal to the cone-plate shear stress mgquébteffe 1996]. To show the
difference between the equations above (Equatiof@ ® 2.14), a constant shear
strain rate (CSSR) test at 5/min was performed dowgh sample in this work. The
experimental procedure of the CSSR tests is dieduss Section 4.3.3. The
rheometer output shear stress-shear strain regeltshown in Figure 2.21. Equations
(2.10) to (2.14) are then calculated using the dasa and the results are shown in
Figure 2.21. It can be seen that the results uBiogation (2.10) is the same as the
rheometer output. Equations (2.11) and (2.12) endtfher hand give a lower stress-
strain curve than the rheometer output curve. Bintdie lowest stress-strain curve is

obtained using Equations (2.13) and (2.14).
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Figure 2.21. Differences of shear stress for palrplate rheometer obtained using

Equations (2.10) to (2.14).

The difference in the results obtained using Equati(2.10) to (2.14) in Figure 2.21
causes difficulties in choosing an accurate eqondbaneasure the shear stress for the
parallel plate geometry. The assumptions made bgosta [1994] and Tannet al.
[2008; 2011], where the cone-plate shear stressqisal to parallel plate stress
(Equation (2.14)), is not suitable since the slstsain for a parallel plate geometry is
a function of the radius of the plate. Ideally, Btjon (2.14) is accurate if the cone-
plate geometry is used since the shear strainnistaot throughout the gap (Equation
(2.8)). However, if sandpapers are needed onltie purface to prevent slippage of
the sample during the tests, the parallel platenggiy is more practical [Phan-Thien
et al. 1997; Tanneet al. 2008; Ng and McKinley 2008]. On the other handy&tpn
(2.10) is only valid for Newtonian materials, a®win by Steffe [1996]. It is therefore
concluded that the correction by Phan-Thinal. [2000] and Nget al. [2011]
(Equations (2.11) and (2.12)) will be used on alinples tested using the parallel

plate geometry.
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2.3.3.2 Shear Strain Sweep

Strain sweep tests are conducted by increasingsttéen in logarithmic scale at a
constant frequency. Assuming a sample is locatéadmmn the plates of a rotational
rheometer, the strain in the material between tatep is a function of time [Steffe

1996]:

y = ¥osin(at) (2.15)

where y, is the amplitude of the strain, which is equallydd when the motion of
the upper plate i& sin(cut). L is the displacement of the upper pldteis the gap

between the plates and is the frequency expressed in rad/s. The sheangtate,

y, then becomes:

dy__ d(ypsin(at))
a - ot (2.16)

which can be evaluated a}s:yoa)cos(cut). In the linear viscoelastic region, the

shear stress produced by the shear strain input is:

o =0,sin(at+9). (2.17)

g, is the amplitude of the shear stress &gl the phase lag relative to the strain.

Oy

Yo \Wo

Dividing both sides byy, givesEZ( Jsin(aJHJ). Using trigonometry and

simplifying the equation yields:
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a:G'y+(G%))y. (2.18)
G is the shear storage modulus andis shear loss modulus expressed as:

G =Zecogs) ; G =Zsin(d). (2.19)
Yo Yo

The linear viscoelastic region (LVR) can be defirfemn the graphs o6 andG’
versus applied shear strain. Constant valued acind G™ over a range of shear strain

indicate the LVR, i.e. as shown in Figure 2.224trains approximately 107°.
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Figure 2.22. Linear viscoelastic region of dougkeaied by Phan-Thiee al.

[1997].

It should be noted that Equations (2.15) to (2&a®)not applicable beyond LVR. The
study beyond LVR is known as Large Amplitude Ostdly Shear (LAOS). Readers
can refer to Ewoldt [2009] and Ng al. [2011] for details of the LAOS tests and

analysis.
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2.3.3.3 Shear Frequency Sweep

Before describing the shear frequency sweep test,worth mentioning the critical
gel behaviour of materials, based on the study loyt&/and Mours [1997]. Consider
Figure 2.23 for a material microstructure consgsth monomers. The monomers are
randomly distributed without any crosslink. The raprers would flow like a liquid if
diluted in a solvent. However, when the monomeessabjected to polymerisation, in
which the monomers crosslink and start to form p@y networks (Figure 2.23(b)),
the material would not behave as a liquid anymanrtenbt yet as a solid. The material
at this stage is known as critical gel. The relaxatodes of the material at this stage

can be represented through a power law mode ast¢Wind Mours 1997]:
G(t)=3™", whereG(t) is the relaxation constan is the gel stiffness, is time

andn is the power law constant. Further crosslinks eduilhe monomer networks to
span across the entire material, where the matasial would behave like a solid, as
shown in Figure 2.23(c). Dough has been shown haelike a critical gel material,
based on the work by Gabriet al. [2001], Ng et al. [2006], Lefebvre [2009],
Tanneret al. [2008] and Migliori and Gabriele [2010]. The crdi gel behaviour of
dough is caused by gluten, as shown by Ng and MekKif2008] and Nget al.
[2011]. A strain value within the plateau region time strain sweep tests (linear
viscoelastic region in Figure 2.22) can then balusgerform frequency sweep tests,
where the power law representation by Winter andufdd1997] can be used to
define the rheology of the critical gel materiahelfrequency sweep test will be

discussed in detail below.
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crosslink network
(a) Monomers (b) Monomers crosslink and (c) Network spans the
create network entire sample

Figure 2.23. Critical gel material illustration greduced from Winter and Mours

[1997)).

Frequency sweep tests are performed by settingnatarat value of strain while

frequency increases in a logarithmic scale andstress response is measured. The
strain used for the tests has to be in the linesmoelastic region, as defined from the
strain sweep tests discussed previous subsectiequéncy sweep tests for dough in

the linear viscoelastic region can be describedguie following function:

G(t)=GWu«', G'(t)=G"QS (2.20)

where G (t) and G"(t) are the storage and loss moduli respectivély(1) and

G"(l) are the storage and loss moduli constants respbgtiw is frequency anah
is the power law constant. A power law can alsditbed to stress relaxation data in

the form of G(t)=G(Ut™. The stress relaxation consta®(l) is related toG (1)

through [Tanneet al. 2008]:
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2(n!) 7 (2.21)
Nz 2

G =G(1

whereG(1) has the unit o(PaD§). The relationship between phase angleG', G

andn is as follows [Tanneet al. 2008]:

S

G nIT
tand =———~< = tan— 2.22

(
(

S

The stress relaxation constagfl) and power law constamt can be used in the

Lodge rubberlike model, which will be discussedeffain the next chapter. An

example of frequency sweep test results of dougfopeed at 0.1 % strain is shown

in Figure 2.24.
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Figure 2.24. Frequency sweep test results obtdigéichnneret al. [2008], where

G (1)=12.2kPaG’( = 5.5 kFandn=0.27 are used to fit the tests.
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2.4 Cryogenic Scanning Electron Microscopy (Cryo-SEM) of Wheat

Flour Dough

Cryogenic Scanning Electron Microscopy (Cryo-SEBBt$ are usually performed to
observe the microstructure of hydrated/soft samplesold stage” is used to allow
the sample to undergo rapid freezing in liquidagen to avoid dehydration from the
alternative chemical drying technique [James 20W8thout dehydration, a similar
structure to that observed in fresh samples caaxbenined [Freemast al. 1991].

Images with higher magnifications than optical tighicroscopy can be observed
using Cryo-SEM, which allow a closer inspectiontbé sample’s microstructure

[Kontogiorgos and Goff 2006].

However, a disadvantage of the Cryo-SEM techniguke formation of ice crystals
on the sample surface during rapid freezing. The dcystals may obscure the
sample’s microstructure in the Cryo-SEM chamber. rémove the layer of ice

crystals from the surface, a procedure called s\dilon is performed, by transferring
a sample from the colder temperature stage afeerrdbid freezing process, to a
higher reference temperature in the Cryo-SEM chamiige sublimation process is

discussed in detail in the next section.
2.4.1 Effect of Sublimation

The sublimation process can be described usingrémsure-temperature diagram of
water shown in Figure 2.25 [Robards and Sleytr 1985he diagram shows the
phases of water (solid, liquid or vapour phase) di#ferent pressures and
temperatures, with the triple point and the critjgaint of water also being shown.

The lines in the diagram indicate the boundaridsvéen the different phases. The
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triple point of water is the point that separatedex from the solid, liquid and vapour
phases, where these three phases coexist in thgmarodt equilibrium. The critical
point of water is the point at which no phase elquim exist between the liquid and
vapour phases. It should be noted that the tripietpf water is 274.16C at 0.0061

bar, whereas the critical point of water is 3% at 218 bar.

Pressure (Pa x 1.33)

102 106 1010
T T
400
_______________________ 650

@) Critical point .
<5 Vapour of water X
v 200 o
> Triple point 450 S
E of water w
) l o
g- Of--- 7‘/ g-
k3 _ : = 250 £

! X I Sample at 22 °C

: Solid : and 1 bar pressure|

-200 P I :
103 10! 10°

Pressure (bar)

Figure 2.25. The temperature-pressure diagram &emreproduced from Robards
and Sleytr [1985]). The arrows show the possiblgsaa moving from the liquid
phase to the vapour phase. Arrows indicate: Roéér Hrying), Route 2 (freeze

drying) and Route 3 (critical point drying) respeely. The triple point and the

critical point of water are also shown.

The diagram also shows three possible routes bghmvater in a specimen can be
removed. Route 1 involves passing through the bawyndetween liquid and vapour
phase; this is also known as air drying. Route |8 &nown as freeze-drying,

involves a procedure where the liquid in the specins first converted into solid by
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freezing, i.e. exposure to liquid nitrogen (liquidrogen temperature is -19&€ at

atmospheric pressure). The surrounding pressurethen freezed specimen is
subsequently reduced to a value much lower tharosgheric pressure, i.e. high
vacuum conditions [Dunlap and Adaskaveg 1997]. When temperature of the
surrounding freezed specimen is increased undérvyaguum conditions, the frozen
water on the specimen surface will change from sbkd to the vapour phase
[Robards and Sleytr 1985] (as shown by Route 2sangsthe solid-vapour line in
Figure 2.24). This procedure is known as sublinmatidlote that the vacuum
conditions are defined using the following standpMational Physical Laboratory
2011]: low vacuum Ix10° Pe (1 bar) to3x10® P& (0.03 bar)), medium vacuum (
3x10° Pa (0.03 bar) tolx10" P& (1x10° bar)), and high vacuumix10" Pg(

1x10° bar)to1x10* Pa(1x10° bar)).

Route 3 on the other hand involves replacing witeéhe sample with a liquid that
has a lower critical point than water. When thegerature and pressure are increased
above the critical point temperature, the liquidmtes to vapour without overheating
the specimen. This will cause a minimal effecthie surface tension of the specimen.

An example of liquid used is Freon or liquD, (CO, critical point is 31.04C at

72.8 bar), which was used to examine biologicatspens [Smith and Finke 1972].

Route 3 is also known as critical point drying.

For a semi-liquid specimen, the disadvantage oft®aus that the specimen cannot
be dried directly with the liquid phase presentsithis can cause a very high surface
tension, which in turn causes shrinkage to theispat Route 3 on the other hand

requires the water in the specimen to be remowvsd fif the specimen is directly
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subjected to Route 3 without removal of water, #jeecimen will be damaged
because it needs to be heated at a very high tataperand pressure [Robards and
Sleytr 1985] (critical point of water is 374C at 218 atm). Route 2 therefore
provides an advantage where there is no need toveewater from the specimen
compared to Route 3. By solidifying the specimen aery low temperature, Route 2
provides a minimal effect of surface tension coragato Route 1. This makes it
possible to observe the microstructure of a hydragecimen, i.e. food and living

cells.

Various studies on Cryo-SEM of dough were perforrasihg different sublimation
conditions. For example, Freemat al. [1991] performed the Cryo-SEM using
sublimation setting at -70C for 9 minutes, Zounist al. [2002] used -65C for 6

minutes, Kontogiorgogt al. [2008] used -80C for 30 minutes and Yi and Kerr

[2009] used -70C for 10 minutes. The images from these mentionedias are

shown in Figure 2.26.
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Figure 2.26. Images of dough observed by: (a) Famestral. [1991]; (b) Zounist al.

[2002]; (c) Kontogiorgost al. [2008]; and (d) Yi and Kerr [2009].

It can be seen in Figure 2.26 that different sulation settings give different results
in terms of the appearance of the starch and glatenface. In Figures 2.26(a) and
2.26(c) for example, the starch appears to be eddokdn the gluten network,

whereas the starch and gluten interface are noteasly observed in Figures 2.26(b)
and 2.26(d). This indicates a need to determinebtst sublimation settings on a
reference image, before any effect of, for exandgt®rmation, can be studied on the

microstructure of dough. To the author’s knowledye Cryo-SEM studies have been
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reported focussing on the starch and gluten interfawhen dough samples are

deformed, i.e. stretched or compressed.

2.5 Conclusion

The microstructure of wheat flour dough was disedssvhich consists of starch and
gluten as the main constituents. In order to obgaiten which represents the dough
in a real system, native gluten would be the bg@sibn, since the gluten network
formed during the mixing of dough is still retainddis enables determination of the
properties of gluten as it appears in the actuagjianaterial. Wet starch obtained by
washing of dough needs to be dried at room temperdtefore it can be mixed with

water again to produce reconstituted wet starcle. Water distribution between flour
components, i.e. starch and gluten, needs to benrkrno ensure that the amount of
water added to starch represents the constituevdt®r content in dough. The
relationship between microstructure and stressastcd wheat flour dough is

summarised based on previous reported studies bgnmfiya and Menjivar [1992]

and Dobraszczyk and Motgenstern [2003].

Mechanical loading tests under uniaxial tensionaxial compression, and shear
rheometry were also reviewed. The various posddiisile sample geometries were
considered as well as the possible barelling effiecter uniaxial compression, and
the rheometer plate’s geometry under shear rhegnesis. This is followed by a

discussion on the correction needed for the appararshear stress calculated by the
rheometer at large shear deformations. Finallyviptes studies on Cryogenic

Scanning Electron Microscopy (Cryo-SEM) on douglrevdiscussed as well as the

effect of sublimation on the dough samples.
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Chapter 3. Material Modelsfor Wheat Flour Dough
3.1 Introduction

Systematic mechanical characterisation studies beatvflour dough were first
performed by Schofield and Scott-Blair in a semdéspublications [Schofield and
Scott-Blair 1932; 1933a; 1933b; 1937]. They usesingple Maxwell fluid model to

characterise the dough by considering a situatiowhich the relaxation time is not
constant but varies with stress. However, sinceethstudies were performed in
1930’s, mathematical software like MATLAB [MATLAB D9] and commercial

finite element software like Abaqus [Abaqus 2009revnot readily available at that

time. This initially made it difficult to model thglaxwell model numerically.

The idea of using the finite element method to $ateudeformation of dough and
processes in the dough manufacturing line is téacepa long series of large scale
tests and usage of materials that would be costliyteme consuming. Development
of simple, quick and practical schemes to charsetethe complex behaviour of
dough are performed using some of the constitutigseels available in commercially

available finite element software packages.

This chapter reviews a few material models suitdbitesoft solid materials. Firstly
the Lodge-rubberlike model suggested by Tambhat. [2008] and Ng and McKinley
[2008] is presented. This is followed by the vispgerelastic model [Charalambides
et al. 2006] and the viscoplastic model. Micromechanicsddets are discussed next
and finally the Phan-Thien Tanner [Phan-Thetral. 2000] and Pom-Pom polymer

[McLeish and Larson 1998] models are reviewed.
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3.2 Lodge Rubberlike M odel

The basic rheological model is the power law fluhich describes stresg; and

constant strain ratgy, as:
g=ky" (3.1)

where n is the power law constant, arld is the consistency index. This model is
very simple and as a result it is widely used todelathe behaviour of dough.
However, the term& and n in the model do not provide any physical meanarg]
the model cannot be used to characterise compkeoeiastic behaviour. The terms

only represent empirical values of the materiaietes

To overcome this, the linear viscoelastic modéhisoduced, which can be described

using the following:
t
c+pl=0= jG(t—t')ydt' (3.2)

where ¢ is stress tensorp is the pressurel, is the unit tensor. For simplicity, the
terme + pl normally used in the field of rheology is descdtas simplyo, which is
the stress term normally used in solid mechan(@s.is the relaxation function

described in the range of reference timand timet.

Tanneret al. [2008] and Ng and McKinley [2008], in independsitudies, included
finite strain elasticity in the linear viscoelastimdel, which is based on the approach
by Winter and Mours [1997]. The Lodge rubberlikedabis first considered in the

linear viscoelastic region [Macosko 1994] usingfibleowing:
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a:j%e(t—t')s(t')dt' (3.3)

—00

where o is the stress and(t') is the strain as a function of tinte Finite strain is

then included in the strain functioa(t'), in Equation (3.3), which can be described

as [Winter and Mours 1997]:

o= j%e(t—t')cﬂ(t,t')dt' (3.4)

—00

where C‘l(t,t') represents the inverse of the right Cauchy-Greasar [Holzapfel

2000], which is also known as the Finger tensomfiea et al. 2008]. The strain

tensor is described as relative to the present tiraad reference timé [Tanneret

al. 2008].

The power law can be included into Equation (3o4yield:

o= Jt'%[G(l)(t—t')_n]C‘l(t,t')dt' (3.5)

—00

where G(t) =G()t™ [Gabrieleet al. 2001; Nget al. 2006; Lefebvre 2006; Migliori

and Gabriele 2010; Tannetral. 2008; 2011a]. Equation (3.5) therefore becomes:
. N\-(n+1) N L
o= jnG(l)(t—t) C*(t.t)dt (3.6)

The relaxation modulus;3(1) and power law exponenty, can be determined from

Small Amplitude Oscillatory Shear (SAOS) tests, inethe linear viscoelastic region,

as described in Sections 2.3.3.2 and 2.3.3.3.
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It is worth noting that Macosko [1994] describeé ttodge model in Equation (3.4)

using the left Cauchy-Green tens@, instead ofC™. The different forms of strain
tensors used by previous authors [Macosko 1994amégMcKinley 2008; Tanneat
al. 2008] cause some confusion about which type afaieshould be used to describe

the Lodge rubberlike model.

To clarify this, the deformation gradient tensét, which is used to obtaiB and
C™ is discussed first. Consider a block with poirgrRbedded in the body and point

Q , a neighbouring point separated by a small déistatx , as shown in Figure 3.1.

Undeformed state Deformed state

Figure 3.1. Representation of deformation gradissimig a block (reproduced from

Macosko [1994]).

The block is deformed to a new state. Point P @wdill move with the material, and
the small displacement between them will stretcd estate as indicated by the

direction and magnitude of the new distangeTthe change inxiwith respect todx

is called the deformation gradient, or simply{Macosko 1994]:
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_ax

F=—1".
dx

(3.7)

The deformation gradient is used to define the Geftichy-Green tensoB , using

the following equation [Holzapfel 2000]:

B=F[F' (3.8)
whereF'is the transpose of the deformation gradient marix
Tanneret al. [2011a] on the other hand used the following detttron gradient:

_ dx

F e (3.9)

Notice the difference between the deformation gnaidi in Equations (3.7) and (3.9).
Equation (3.9) can be used to obtain the right Ggfereen tensorC, through the

following:
C=F'[F (3.10)
The inverse of the strain tens@&;*, is then described as:

L1
C*=—adjC 3.11
C| €] (3.11)

Where|C| and adj[C] are the determinant and adjoint of mat@xrespectively. The

inverse of the strain tenso€™ is also known as the Finger tensor [Taneeal.

2008; Ng and Mckinley 2008]. To show th&=C™, the following cases under

uniaxial tension and simple shear are consider¢adeimext sections.
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3.2.1 Uniaxial Tension and Uniaxial Compression

The deformation gradient under uniaxial tension bandescribed by considering a

block being stretched in direction 1 as shown guFe 3.2.

[ (@) A (b)

Uniaxial
extension

Figure 3.2. Deformation gradient under uniaxiakten for: (a) unstretched block;

and (b) stretched block (reproduced from Macosle94]).
Consider pointP in Figure 3.2(a) in the unstretched block with rcloates
(xlxzxs) The same poirf® in Figure 3.2(b) in the stretched block has cauatis

(%%, %;) . A%, AX,, and Ax, represent the dimensions of the unstretched ktock

Figure 3.2(a), wherealx,, Ax, and Ax;, represent the dimensions of the stretched

block in Figure 3.2(b). The coordinates of potin the stretched block can be

described as [Macosko 1994]:

Xf%X'falX; (3.12)
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The deformation gradienE can then be obtained as:

0
a

o O

(3.13)

2

0

'r|
I

o o R

R

Under uniaxial extension (Figure 3.2(b)y, =a,. For an incompressible block,

V' =V (V'is the undeformed volume andis the deformed volume), and the

following relationship is obtained:

DX AXAX, = AXAXAX . (3.14)
or:
a,a,0,=1 (3.15)

Under uniaxial tension:

1

ﬁ- (3.16)

aas;=1 and a,=

The deformation gradient can then be describedistyj, through:

a 0 0
F=lo a2 o0 (3.17)
0 0 a
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and substituting Equation (3.17) into Equation (¥i8lds:

B=FF' =0 a2 0 |00 &2 o0|=|0 a® o0 (3.18)
a 0 a°

0
0o 0 a’2||lo o a2 LO

If Equation (3.9) is used instead to describgthen the following form is obtained:

a’ 0 0
F=| 0 a' 0 (3.19)
0 0 o

Using the same assumption of incompressible bloskdescussed before, the

deformation can then be described by jasthrough:

a’ 0 O
F=| 0 a2 0 (3.20)
0 0 a
and substituting Equation (3.20) into Equation @3 ylields:
at 0 O||la;t 0 O 2
1 1 a- 0 O
C=F'F=| 0 a2 0|00 a? 0= 0 a, O (3.21)

The inverse of the strain tens&;”, is described using Equation (3.11), where the

determinant,|C|, and the adjoint,adj[C], for a 3x 3 matrix is as follows. For a
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c
matrix, A= f |, the determinant igaei+bfg+cdh)—(ceg+bdi+afh). The

Q Q o
> O T

adjoint matrix A on the other hand is obtained using the following:

e f| |d f| [d
h i g | g h
b ¢ |a ¢ a b
=adfA| = —‘ - ‘ (3.22)
h i g i g h
b c a cl |a b
| e f d f| [d |
Evaluating the inverse of the strain tendor:, for Equation (3.21) yields:
ai 0 0
ct — 0 a* 0
alzallall 0 (1) 0'1_1
_ , .
azc?il ot 0 0 (3.23)
e . a? 0 0
S 4 0 |z 0 a' 0
alal al O O al—l
at
0 0
I aja oy

It can be seen from Equations (3.23) and (3.18) BhaC™, which means that both

tensors can be used to define the Lodge rubberiib@el.

Equation (3.23) can be described in terms of thetddt ratio, A, sinceAd =a,. Note

that A defines the ratio of the deformed and undeformadpde length. Therefore

Equation (3.23) becomes:
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A2 0 0
c'=|0 At 0] (3.24)
0 0 A

Using the relationships =In A, where¢ is the true strain, Equation (3.24) becomes:

(exps)” O 0 exp2 0 0
c'=| o0 (expe)™ 0 |=| 0 expe 0 (3.25)
0 0 ( expg)‘l 0 0 exp-&

Equation (3.25) is the strain tensor used by Tareteal. [2008] and Ng and

McKinley [2008] in the Lodge rubberlike model underiaxial tension.

Since uniaxial tension of dough is performed usiglyndrical samples, the Lodge
rubberlike model needs to be evaluated using andytal geometry sample. To
obtain this, consider Figure 3.3 showing uniaxetsile loading of a cylindrical

sample.

Elongation

V4

A

rr rr

l&—— Contraction

" O

Contraction

Elongation

Figure 3.3. Uniaxial tension of a cylindrical saepl
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The arrows in Figure 3.3 show that the sample guisr elongation in the axial

direction (zz direction) and contraction in radial directiorr (direction). The strain

tensorC‘l(t,t') is described relative to the present titnand reference timé as

[Ng and McKinley 2008]:

ci(tt) o 0
cltt)=| o cltt) o (3.26)
0 0 CHtt)

exp[ 2£(t -t )] 0 0
c* (t,t') = 0 exp{—é(t —t')} 0 for o<t st (3:27)
i 0 0 exg ~¢(t-t )]

or.

exp| 2(t) ] 0 0
c*(tt)= 0 exf —&(t) ] 0 for t' <0 (3.28)

0 exd —¢(t) ]

o

In Equation (3.26),Cz'zl(t,t') indicates stretching in the axial direction, wiaesre
Cr‘rl(t,t') indicates contraction in the radial direction. &nsidering the difference

of C‘l(t,t') in the direction of stretching and the directidrcontraction [Khan and

Larson 1987], as shown in Figure 3.3, Tarste. [2008] used the following form of

the Lodge model under uniaxial tension:
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t
_ d \" -1 ' -1 ' '
a_LEG(l)(t—t) [sz (tt)-C(tt )]dt. (3.29)
The stress was then evaluated using Equations)(&8ci7(3.28) to become:

o= [rem(t-t) ™ (e -e7) ot

¢ (3.30)
+ J; nG()(t-t )_(nﬂ) (ez"&(t_t') et ) dt .
By changing variablesz = é(t —t') , Equation (3.30) becomes:
o= né”G(l)JZz‘(“+1) (e22 - e‘z) dz+&"G()e™ (e2£ - e‘f) . (3:31)
Equation (3.31) can be re-written as:
ngnz(l) =h= iz‘(”ﬂ) (¢ -¢7) dz+%g‘” (e* -e) (3.32)

where the functionh, in Equation (3.32) can be evaluated using the iBarfunction

or the asymptotic approximation. The functidn evaluated using the Gamma

function and incomplete Gamma functions(a) and I'(a,s) respectively, is

obtained as:

et

1 _ _
+=¢ n(e2£_e£).
n

(3.33)
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The derivation of Equation (3.33) is described ppAndix A. On the other hand, Ng

and McKinley [2008] derived the following approxitran form:

h=g™ 1[exp( %)+ (1+ ) £- 1} (3.34)
n 1-n

whereas Tanneatt al. [2008] derived the following approximation for tiefunction:

h= (1+ 035 j—lg-“ € -€°). (3.35)
1+2¢)n

Tanneret al. [2011a] later used a simplified form for:
1 -Nn (26 —&
hzﬁg (e —€e”). (3.36)

Equations (3.33), (3.34), (3.35) and (3.36) arsgared in Figure 3.4 by showing
calculated stress using these equations. The pteemesed in the comparison are:
n=0.27, and G(1) = 3.02 kPalE and the data were obtained from a uniaxial tension

and uniaxial compression test from this work atomstant strain rate of 5/min.
Equation (3.33) was evaluated using the online Yé&pifcalculator [Wolfram 2011].
It can be seen in Figure 3.4(a) that lower strease®btained using Equation (3.36)

as compared to the other equations under uniaaaidn.
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100 6
© Equation (3.33) © Equation (3.33)
A Equation (3.34) 5

80 - |
O Equation (3.35)

A Equation (3.34)

X Equation (3.36)
X Equation (3.36) 7
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>

True stress (kPa)
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X

x R »
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a8 ®

0omn—=8 . . . 0 % ; . ; .

0 0.5 1 1.5 2 0 0.2 0.4 0.6 0.8 1

True strain True strain [negative]

Figure 3.4. Comparison of different forms of Lodgbeberlike model equation under

(a) uniaxial tension at 5/min and (b) uniaxial coegsion at -5/min.

Note that Equations (3.33) to (3.36) can be usechtoulate stresses under uniaxial
compression by using a negative strain. The te&min Equation (3.32) under

uniaxial compression is described a(ss’“) rather than(—é”) to make& becomes

calculable. It can be seen in Figure 3.4(b) thatelostresses are obtained using
Equation (3.36) as compared to the other equatiote that the results for Equation
(3.35) are not shown because the stress-strairula@d using Equation (3.35)
fluctuates from negative to positive values. Thigossibly due to Equation (3.35)
being approximated only for uniaxial tension coiodit [Tanner et al. 2008].
Therefore Equation (3.34) is used in this thesigualuate the Lodge model under
uniaxial tension and uniaxial compression. Thidbésause Equation (3.34) can be
evaluated easily using a spreadsheet compareduatibnq (3.33) which requires each

data point to be evaluated using the online Wolfcahoulator [Wolfram 2011].
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3.2.2 Simple Shear

The deformation gradient under simple shear caddseribed using the sketch and

notation shown in Figure 3.5.

(b)

Figure 3.5. Deformation gradient under simple sh@ar(a) unstretched block; and

(b) sheared block (reproduced from Macosko [1994]).

Consider pointP in Figure 3.5(a) in the unstretched block with rchoates

()(1x2x3) The pointP is shown in Figure 3.5(b) for the stretched blagith

coordinates(xl,xz,x3). Under simple shearty = S/AX2 and the coordinates of point

P in the sheared block are given by [Macosko 1994]:

(3.37)
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X, = X

The deformation gradient obtained using Equation)(8 as follows:

(3.38)

T
I
o O -
O B X
= O O

Note that the deformation gradient in simple shesanot symmetric, which is in

contrast to the deformation gradient in uniaxialsien (Equation (3.17)). The strain

tensor,B =F [F" is described as:

+y y
1

0
0

O O B+

O P X

O O

o X B

o r ©

O O
1

0

On the other hand, the deformation gradient obthinging Equation (3.9) is as

follows:
1 -y O

F=|o 1 o (3.40)
0 1

1 0 0|1 -y O 1 -y O
C=F'[F=|-y 1 0|0 1 O|=|-y y+1 O (3.41)
0O 01/|0 0o 1 |0 O 1
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and C™* becomes:

y+1 y 0
C‘lzﬁadj[c]z y 1 0| (3.42)
0 01

It can be seen from Equations (3.39) and (3.42) BnaC™, which means that both
definition for the strain tensors can be used i ltlodge rubberlike model under

simple shear.

In a constant shear strain rate experiment, thanstensor,C™, and strain rate

tensors take the following forms:

c*(tt)=|c;(tt) cu(tt) o (3.43)

which can be defined under simple shear using kmué3.42) as:

_yz(t—t')2+1 pt-t) 0
c*(tt)=| p(t-t) 1 0| for 0<t <t (3.44)
0 0o 1
or:
2+l gt 0
c*(tt)=| s 1 0ffort'<0, (3.45)
0 0 1

Shear stress can be described using Equationg8.5)
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r:i%G(l)(t—t')_n C (t.t)dt. (3.46)

Shear stress then becomes:

—-n-

r:LnG(l)(t—t')'”'l(y)dt'+inG(1)(t—t') () dt (3.47)

By changing variables through= y(t —t') and evaluating the integral yields [Tanner

et al. 2008]:
_G@y" i
= n yo. (3.48)

Equation (3.48) is similar to those obtained byadwg McKinley [2008].

3.2.3 Damage Function in Lodge Rubberlike Model

Tanneret al. [2008] used the idea of a damage function to malbeigh at high
deformations until the post fracture region. Thidecause the Lodge model did not
fit the dough stress-strain data at high strainstasvn by Tanneet al. [2008]. The

stress is reduced by a damage functibn such that:

o,=fo or r1,=1f1r (3.49)

where g, and r, are the damaged normal and shear stresses respectind o

and r are the undamaged normal and shear stressestreslygfor the material. The
damage functionf is described asf =(1-D), whereD is a function of the strain

which varies from zero at small strain, up to Irwgiture [Tanneet al. 2008]. The
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damage function was used by Tansakeal. [2008] for constant strain rate elongation

and shear data. The paramefemwas plotted as a function of true stram, for both

extensional and shear data as shown in Figure 3.6.

0.6

o
‘?

Damage function, f

-0.2 T T

True strain, &

Figure 3.6. A damage function for Lodge rubberhkedel [Tannekgt al. 2008]).

The procedure for deriving the damage functiond-igure 3.6 within the Lodge
rubberlike model was as follows [Tanratral. 2008]. First, a strain sweep test was
conducted to determine the linear viscoelasticorgiLVR), followed by a frequency

sweep test to determine the consta®(§) andn using Equations (2.20) and (2.21)

respectively (refer Section 2.3.3.3):

G(t)=GWu«', G"(t)=G"1

G1)=G (1) Zr(]::) sin%T .

These constants were then used in the Lodge rulkdenbdel (Equation (3.35) under
uniaxial tension, and Equation (3.48) under simgiear). Tanneget al. [2008]

showed that the Lodge model did not fit the unibtéasion and constant shear strain
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rate tests without the damage function. They ddrive damage function from the

extensional and shear tests. The true strain fer diear tests in Figure 3.6 is
calculated using [Treloar 1975}{5:In()l)=ln{g+—“y2;4}, (details on this

equation are provided in Section 3.3.2). This was nethod for calculating the
damage functions shown in Figure 3.6. Finally, thmdelling results were
reconstructed with the inclusion of the determideghage function. An example of

the reconstructed tensile test using the damagetiumin Figure 3.6 is shown in

Figure 3.7.

40000
] p=0.27

a)

Elongational stress (P

Hencky strain (£t)

Figure 3.7. Reconstructed uniaxial tension modelgudamage function in Figure 3.6

[Tanneret al. 2008].

It is worth noting that the damage function introdd by Tanneet al. [2008] is an

empirical function, it does not provide any physiaaeaning. Therefore a
microstructure based model is needed to describaldimage in wheat flour dough
microstructure. This can be investigated usingntih@omechanics model, which will

be discussed later in Section 3.4.
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3.3. Visco-Hypereastic M odel

3.3.1 Viscoelasticity

Viscoelastic materials can be viewed as having lvigbous and elastic properties.
The elastic, viscous and viscoelastic materialaesps under applied step strain are
shown in Figure 3.8. Elastic materials stretch aetlirn to their original state
instantaneously upon application and removal ofsstrrespectively. The ratio of
stress to strain for an elastic material is defiascetlastic modulus. Viscous materials
on the other hand change strain in proportion ®time that the stress is applied
[Janmey and Schiwa 2008]. The ratio of stresst®ahstrain is defined as viscosity.
Viscoleastic materials can exhibit strain and tidependent behaviour when both
viscous and elastic properties are present. Therdtieal and experimental
behaviours of viscoelastic materials were firsabbshed in the nineteenth century by
physicists Maxwell, Boltzmann and Kelvin. Considerithe model of springs and
dashpots, their main interest was to determingptbperties of materials from creep

and recovery experiments.
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| .
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Figure 3.8. Difference between elastic, viscous\ascbelastic materials (reproduced

from Vader and Wyss [2012]).

Viscoelasticity assumes a homogeneous and isotropterial, as well as separable
time and strain dependent material behaviour [@fills 1980; Golet al. 2004;
Charalambidest al. 2006]. The relaxation stress under a step stoadihg history

can be written as a product of a function of tingg(t), and a function of strain,

g, (e):
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o(et)=0,(e)a(t). (3.50)

The time function is represented by the Prony Sdfe®het al. 2004]:

g(t)=g.+>g exp[—éj (3.51)

i=1 i

where t and ¢, are time and relaxation time constants respegtivahd g, are

I
dimensionless constants. The 1D equivalent of tk@yPseries in tension consists of
a series of Maxwell elements connected in parallgh a spring as shown in Figure

3.9.

goo gl gZ gi

Figure 3.9. The Prony series representation.

Each g, is defined as:
g9==" 0. < (3.52)
where G, is the modulus of thé" spring, G, is the modulus of the infinite lone

N
spring, andG, is the instantaneous modulus, given»¥5 +G, =G, . Thereforeg,
i=1
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N
is related to g, through Zgi+gm =1. The function 0'0(8) represents the

i=1
instantaneous stress-strain relationship sigd®) =1 and o(&,0)=0g,(e) from
Equation (3.50). It can be seen tkga,lao(a) is the long term or equilibrium stress-
strain relationship asg(w)=g, and o(&,©)=g.0,(¢) from Equation (3.50).

Physically, this long term behaviour occurs as dlashpots relax the springs in

Figure 3.9, and only thg_ spring remains loaded.

Using the Leaderman form of the convolution intédgk&illiams 1980], the total
stress is given by the algebraic sum of the eptst loading history, with each stress
component being independent of the loading histiorghe limit of continuous strain

history, the total stress at tinids therefore given by [Williams 1980]:

o(et) :'[g(t—s) = ds (3.53)

where o, (¢) is the instantaneous true stress at stairThe functiong(t-s) is

described as:

g(t-s)=g. +Zgi exp[-t:(fsJ : (3.54)

Therefore Equation (3.53) becomes:

o(t) = j[g +Zg exp[—t;isﬂ dags(g) ds. (3.55)
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The stress on the left-hand side is expressedrmst®f t only, provided that the

strain historys(t) is known [Gohet al. 2004]. Equation (3.55) can be rewritten as:

o(t)=9.0,(t)+ ilgi exp[—:—sjdado—ﬁds =9.0,(t)+ ih (t) (3.56)

i=1

with h (t) = jgi exp[—t_—sj 49(5) g

0

The convolution integral in Equation (3.56) is cartgd using a numerical algorithm

based on finite time increments [Kaliske and RdtH&97]. For a time interval
(tn,tn+1) and time stepAt =t ,, —t,, the exponential term in the integrand is written

as:

eXpE_tmj _ eXFE_t_nJ ex%_ At J (3.57)
G G G

The termh at t,, can be separated into two components: the firstpoment

corresponds to deformation history during periodk s&xt, while the second

component corresponds to the perigdk s<t_,,. Therefore:

n+l *

— e _tn+1_S dO’O(S)
h(tw)=9 ! exp( : ] ~ ds (3.58)

which becomes:

t t
—a _Ln—s dUO(S) T _La—s dO’O(S)
h () giv([eXp( ‘ j ds ds+g, {[ ex ‘ ds ds (3.59)
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The first integral above is integrated from 0Ot {0 which yields:

B8 o (=) | dao(s)
exp[ g(ijgi‘fexp{ z J s ds (3.60)

0

The result is included in Equation (3.56):

0 (tya) = 9.0 (1)

13 {2 )+ ] ocf 272 2% @o)

i=1 t

n

do,(s
c‘j’s( ) in Equation (3.61) can be expressed in termssufete time steps:

dao(s):Iim Aoy(s) . agﬂ—ag_

m (3.62)
ds 8s-0  As a0 At

Substituting Equation (3.62) into Equation (3.6h§ performing the last integral in

Equation (3.61) leads to a function for updating stresw (t,,,) [Gohet al. 2004]:

I (ths) = 9o (tre1)

+§_:, eXp(_%tjh(tn)+9.ﬂ[%(tm)—ao(tn)] _ (3.69)
£

Equation (3.63) can be evaluated with various hglpstic potentials and strain

histories. The true stressz, (t,) used will be discussed in Section 3.3.2. The

advantage of this analytical equation is that it & readily fitted to experimental

stress—strain data which are measured at knownititaevals. The equation offers a
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very practical method for determining material dangs at any deformation history.
A spreadsheet can be set up so that the calcuatising the analytical equation are

matched with the experimental data via a leastreguarror method.

3.3.1.1 Viscoelastic Model in Abagus Version 6.9

In the newer version of the commercial finite elamsoftware, Abaqus version 6.9
[Abaqus 2010], an updated version of finite visesgt model has been introduced to
replace the former Abaqus version 6.8 [Abaqus 2089hodification is performed

to Equation (3.55) as follows:

o(t)=4 (t)ﬂgm +ggi exp[—t:(—isﬂ dp:’jgg) ds. (3.64)

Notice the difference where, in Equation (3.55) represents the true stress,term

whereasR, in Equation (3.64) represents the nominal stress.tThe stretch ratio,

/1(t) is introduced in Equation (3.64) to convert themimal stress term in the

integral into true stress term after integratiomuel stress and nominal stress are

related through:
a,(t,) =P (t,) A (t,). (3.65)
Evaluating Equation (3.64) using the same appreadbefore yields:

a(t)=/l(t)ng3,(t)+)l(t)ZN:J;gi exp[—t;—iSJdPg—gs)ds (3.66)

which then becomes:

82



o(t)=g ZN:i'g, exp[

i=1

(3.67)

Equation (3.67) is then evaluated using the samifiime increment algorithm as in

before, which finally yields:

O (ty) = 9.0, (ty)

+ (tnﬂ)ZN: exp(—%jh (tn)Jrglﬂ[P0 )-r()]| (3.68)

i=1 i E

$i
The difference between Equations (3.68) and EqudBd53) will be investigated in
Section 3.3.3 where the stress calculated via tiwseequations will be plotted

Vversus strain.

3.3.2 Hyperelasticity

A hyperelastic material is defined as an idealgsgt material, but may be subjected
to large deformations and still show complete recpyWard 1971]. Hyperelasticity
is closely related to rubber elasticity, which dandescribed from the concept of a
strain energy function derived from thermodynanunsiderations. Different types of
strain energy function can be defined, dependinghenexperimental conditions.
Strain energy functions can be described from eithephenomenological or a
statistical treatment. For polymers, the strainrgydunction is represented as the
Helmholtz free energy of a molecular network witfGaussian chain distribution

[Treloar 1975], and the mathematical representatibthis model is an idealized
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form of the concept of an ideal gas. The theory lmamlescribed from the First Law

of Thermodynamics:
dw =dU -dQ (3.69)

where dW is work performed on the system by the surrourglidy and dQ are
differential change in internal energy and heatpeetively. Under adiabatic

conditions,dQ =0 and dW =dU . The strain energy functioV for an isotropic

incompressible solid undergoing a pure homogendetmmation is given by [Ward

1971]:
W= £ (15,151) (3.70)

where f is a function ofl,, 1, and |, , which are the first, second and third strain
invariants respectively expressed as=A +A2+ A2, 1, =A2A2+ 222+ 1217 and
I, =AAA,. The third strain invariantl,, is assumed to be unity due to the

assumption of incompressibility of dough, as inigeged experimentally by

Charalambidest al. [2002a] and Wangt al. [2006]. A, A,and A, are the stretch

ratios in the three principal axis, which are defirfor uniaxial deformation and pure

shear as:
1 . :
A=A A, =A,= N (uniaxial deformation)
(3.71)
A=A A,=1 /13:% (pure shear)
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where A is the stretch ratio in the direction of the apg@lioad.l 1, and |, in the

case of uniaxial deformation and pure shear cattelkeribed as:

L, =A%+2471 | 1,=2A+47 | I,=1 (uniaxial deformation)
(3.72)

l,=1,=1+A%+17% | |, =1. (pure shear)

For uniaxial tension and uniaxial compression, the stress used in Equations
(3.63) or (3.68) is given as a function bf

W
a,(1)=W (3.73)

04

whereas for simple shear, the shear stress is ssqufeusing the chain rule as

[Gamonpilaset al. 2010]:

A)=—"—=—"— (3.74)

where A is related to the shear straip,through [Treloar 1975]:

y+4 (3.75)
2

N
Il
NI
+

and therefore the true straia, is related toy through:

(3.76)

£=In(/1)=ln[J—/+@].
2 2

For small strain however, Equation (3.76) can balwated using the Taylor series

and is approximated as:
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N IS

(3.77)

The difference between Equations (3.76) and (3s7ghown in Figure 3.10. It can be
seen that for shear strain up to 1.5, a similae tstrain is obtained using both

equations.

—Equation (3.76)

o Equation (3.77) o

True strain
=
w

Shear strain

Figure 3.10. True strain obtained using Equati@msg) and (3.77).

The hyperelastic model used in this thesis is @re der Waals model, which, as the
name implies, represents the analogy in the theymadic interpretation of the
equation of state for rubber and gas. The modeloggpacan be described by
comparing the equation of state of ideal gas andbber network model, as discussed

by Eiseleet al. [1981] and Vilgis [1992].

The van der Waals strain energy function is givefikilian 1982; Abaqus 2009]:

W =-u ()l2—3){ln[l—\/ =3 J+\/ =3 }+Ea(ll_3)2 (3.78)
" 22-3 ) \2z-3 3% 2
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where 4 is the instantaneous initial shear modulds,is the locking stretch constant
and a is a global interaction parameter. The constafjfsand a are dimensionless.
The locking stretch constant,, describes the stretch when chains unfold and lock,

whereas the global interaction parameteris the interaction between rubber chains

[Enderle and Kilian 1987; Vilgis 1992].

The true stress form for tension and compressiesmguEquation (3.73) can be

described from the model as:

[ERN

Az

j[ JAZ-3 _ )I2+2/11—3] (3.79)

JA2-3-A%+2171-3 2

where A >1 for tension andl <1 for compression. For simple shear, the shearsstres

7,(A) can be obtained using Equation (3.74):

_ (3= JAZ -3 AP+ A=2
Jo(A)_To(A)_ﬂ[ PR j{\//lri-3-\//‘2+/‘2‘2 | — ] (3.80)

Equations (3.79) and (3.80) are used with Equat(Br&3) or (3.68) to describe the

visco-hyperelastic model. The van der Waals models wselected for the
implementation in finite element analysis becausés ithe most suitable model
available in Abaqus for fitting data collected fromore than one mode of

deformation [Charalambides 2006; Wanigasooriya 2006

A parametric study was performed to check the eftéche van der Waals model

parameters to the stress-strain curve. The vam@als model parameters were first
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set to: 4= 5 kPa,A, =5 anda = 0.5. Two of these were then kept constant while

varying the third in a parametric study. Figure13ghows the parametric study

corresponding to a strain rate of 5/min. It cansben that the stress-strain curve of

the model increased by increasing (Figure 3.11(a)), whereas the curve was

‘lowered’ by increasingA,, and a, as shown in Figures 3.11(b) and 3.11(c)

respectively.

100 100
90 van der Waals model (5/min tension) 90 van der Waals model (5/min tension
u=5kpPa
=10 kP:
80 - f\‘ -5 : 80 A,=3
m= =
" a=05
E_ 70 4 a=0.5 \ E_ 70
k3 k3 =5kPa
< 60 - = 60 A H
§ u=5kPa § A,=5
2 50 A Ay=5 5 50 a=05
9} a=0.5 9}
2 40 - 2 40 | u=5kPa J
C u=0.5kPa R An=10 L’
30 1 A,=5 - 30 a=05 P
20 | a=05 /,/ 20 | Pt
10 - T 10 | e
0 f——rro . e =] 0 T T T
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
True strain True strain
(a) (b)
100
% van der Waals model (5/min tension
u=5kPa
80 - A,=5
=01
< 70 A a
a
= 60 4
ﬁ u=5kPa
5 50 An=5
[} a=0.5
=] 4 =
b= 40 u=5kpPa
Ap=5 .
30 a=1 -
20 e -
10 4 T S -
0 — ‘ .
0 0.2 0.4 0.6 0.8 1
True strain
(c)

Figure 3.11. Parametric study of the van der Wamadel by varying parameters: (a)

the instantaneous initial shear modulps, (b) the locking stretch constant,; and

(c) the global interaction parameter,
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3.3.3 Implementation of the Visco-Hyperelastic Model in Finite Element Analysis

It is important that the analytical visco-hyperélasnodel discussed in the previous
section is checked for accuracy within the finitengent (FE) simulation in Abaqus
so that the model can be confidently used for nigaksimulations. Therefore, the
analytical model, Equations (3.63) and (3.68) wewenpared to the finite element
simulations performed using Abagus version 6.8 pAlsa2009] and Abaqus version
6.9 [Abaqus 2010] respectively. A personal compuii¢h Intel Core 2 processor and
4 MB SDRAM was used to perform the numerical sirmhafa It took less than two
minutes to perform each simulation. The simulatrees performed under uniaxial
compression, uniaxial tension and simple shear matla true strain rate of 5/min. A
single axisymmetric element was selected for ualaxension and uniaxial
compression and a plane stress element was sefectsithple shear. Discussion on
the different elements available for 2D FE modefAbaqus is provided in Appendix
B. The boundary conditions used in the FE simutatioe shown in Figure 3.12,
where the roller allows the node to move in a dafirdirection and the arrow

indicates an applied deformation.

A 4
v

(a) Uniaxial (b) Uniaxial (c) Simple
compression tension shear

=2 A

Figure 3.12. Boundary conditions used in the fiei@ment simulation for: (a)

uniaxial compression; (b) uniaxial tension; andsio)ple shear.
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The material model parameters shown in Table 3.fe wsed, where the strain-
dependent constants represent the van der Waalsl rpathmeters, and the time-

dependent constants represent the Prony series.

Table 3.1. Parameters used for the validation ®ftlmerical implementation of the

van der Waals model in Abaqus.

Strain dependent
Time dependent constants
constants

3 01 10 100 1000

(s)

3.29 464 0.25 g 0.867 0.092 0.004 0.028 0.007

The results are shown in Figure 3.13. It can ben gbat the analytical models,
Equations (3.63) and (3.68), agree with the FElt®s1sing Abaqus version 6.8 and
Abaqus version 6.9 respectively under uniaxial itemsand uniaxial compression
(Figures 3.13(a) and 3.13(b)). However, it is shawrFigure 3.13(c) that the FE
results under simple shear do not agree with tiaé/acal model above a shear strain
value of approximately 0.6. This can be due to libandary conditions shown in
Figure 3.12(c), which are defined in the FE simalatto represent the boundary
conditions under shear rheometry tests. The diff@¥ebetween the analytical and

finite element models was then shown in Figure @l)L3vhere the error is calculated

as: ‘(finite_element - analyticl (/ analytic)#azk Q. It is worth noting that simulation

for simple shear in this thesis will be performedsghear strain up to 1.
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Figure 3.13. Comparison between finite elementaralytical models of the visco-
hyperelastic model under: (a) uniaxial compressiotnue strain rate of -5/min; (b)
uniaxial tension at true strain rate of 5/min;geghple shear at shear strain rate of
5/min; and (d) error versus shear strain represgittie difference between analytical

and finite element model in (c).

To investigate the simple shear under large defbomaa simulation was performed
using an example model available in Abaqus UserudbhpAbaqus 2009] (Section
1.3.29: simple shear, Abaqus Verification Manuadhis is based on the study by

Dienes [1979]. The material properties used inrttoelel were: Young's modulus =

1.0 (unit), Poisson's ratio = 0.0, and densityl.346x 10° (unit). A plane stress
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element was used in the model. The results are showigure 3.14.0,, , o,, and

o,, indicate shear stress and normal stressesandy directions respectively in
Figure 3.14. Notice that at small shear strgit¥ 0.3), the normal stresses,, and
o,, are zero (Figure 3.14(b)). However, as the stianeases, the normal stresses

increase before they start to oscillate at a stieain of 3. This is due to a significant
rigid body rotation as the shear strain increaasgjiscussed by Dienes [1979]. The
results indicate a complex behaviour in simple sheder large deformation and this
will not be investigated further in this thesis.eliieader can also refer to an analytical

study by Horgan and Murphy [2010] on large deforarasimple shear loading.

0.8 -

06 e

Stress (unit)

Shear strain

(@)

Stress (unit)

©
N

0.4 -

0.2 A

(=)

©
S

©
o

©
o

'
[\

Shear strain

(b)

Figure 3.14. (a) and (b) Investigation of simpleahunder large deformation using
the example model in Abaqus User Manual [Abaqu®P@®ection 1.3.29: simple

shear, Abaqus Verification Manual).

The difference between the finite viscoelastic nadeé\baqus versions 6.8 and 6.9
are highlighted in their respective Abaqus the@grumanuals [Abaqus 2009; 2010].
This has also been discussed theoretically by Galenf2009] and Ciambellet al.

[2009] whose suggested that the the finite visgiglanodel in Abaqus version 6.8
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(Equation (3.59)) cannot describe accurrately theFE viscoelastic model at large
strain. The reason for this is that the model ugggation (3.59) does not provide a

symmetric integral function when evaluated in 3D.

3.4 Viscoplastic Model

The viscoplastic material model available in Aba@®@10] is described through a
strain rate dependent yield behaviour. This isqraréd using a direct entry of stress
and plastic strain test data at different strateganto Abaqus CAE. The model is

illustrated schematically in Figure 3.15.

True stress (kPa) True stress (kPa)
0’” 0.5 /min
50 /min
o
5 /min
E E
0.5 /min
O'y 4------ =
E n' ; n' True strain
‘Eplasic Egasic
Elastic Strain-rate dependent True strain ;
. . . n
region yield region £total
(a) (b)
True stress (kPa)
/
0.5 /min
O'y :
i E
Time (s)
(c)

Figure 3.15. Description of viscoplastic materiaddal under: (a) uniaxial extension
test at different rates; (b) elastic and plastiaistin a cyclic test; and (c) stress

relaxation test.
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The viscoplastic model is divided into two regiomsastic region and strain-rate
dependent yield region, as shown in Figure 3.13(a)he former region, a value of

modulus, E, and yield stressy, , are defined. In the latter region, the rate-delpet

behaviour is described using elastic and plastairst in Figure 3.15(b). The plastic

strain is calculated using the following:

n

e = s ~ e = Eba ~ (3.:81)
where eg,asﬁc , E0 . €n. and 0" are the plastic true strain, total true straimstt
true strain and true stress respectively amnthexperimental data point in the ‘yield
regions’ of Figure 3.15(a). Note that the yieldesty value is selected to fit the
relaxation stress in Figure 3.15(c). The elastiduhas, on the other hand is obtained
to fit the unloading-reloading slope in Figure 35 To conclude, the following
parameters are needed for input in Abaqus: elastidulus and Poisson’s ratio, and

corresponding yield stress, plastic strain andtiglasrain rate data.

3.5 Micromechanics M odels

Micromechanics models are often used to investitfeeeffect of complex structures
or multi-phase materials on the global mechanicathaiour. They have been
developed and applied for composite materials djmoaither analytical or finite
element models. Analytical models are based omtles such as the Mori-Tanaka or
Eshelby models [Stapountetial. 2010], whereas the finite element models considers
the microstructure of a material, either by usihg tmbedded cell or unit cell

geometries. The embedded cell geometry uses asepedion of a cut-out image of
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the real microstructure of a composite material;shswn in Figure 3.16(b). The
composite material in Figure 3.16(a) can be defiagdircular fillers surrounded by
matrix material, where both fillers and matrix coiuents are separated by interfaces
[Mishnaevsky Jr. 2007] and have different mategpralperties. However, to model the
real microstructure of a material in such a way Mowequire a large number of
elements in a finite element software such as Abgeguy.475x 10 elements needed
in a simulation of particulate composites by Tanhedt al. 2012), which can take a lot

of computational memory and time to simulate.

Figure 3.16. (a) Real microstructure of a mategalj (b) a cut-out image to represent

the embedded cell geometry (reproduced from Bolota1D.

The unit cell geometry on the other hand assunpesiadic phase arrangement, i.e. a
repeating unit cell of the microstructure, as shamwrrigure 3.17 [Mishnaevsky Jr.
2007]. The boundary areas for possible models hosvis in Figure 3.17, where
different arrangements can be used to representriiheell geometry. This provides
an advantage of being less expensive to model epa®d to the embedded cell

geometry in Figure 3.16(b).
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Bo\undary a/reas Boundary conditions

load 1 1 144

Roller ‘
N

Figure 3.17. Different arrangement of unit cell rmb@eproduced from Mishnaevsky

Jr. [2007]). The boundary areas for a unit cell gl@hd the boundary conditions

under uniaxial tension are shown.

Both embedded cell and unit cell geometries allotgractions between the filler and
the matrix interface to be specified, as shown igufe 3.18 for the unit cell
geometry. This includes the debonding betweenr fdled matrix (Figure 3.18(a)), a

crack in the patrticle (Figure 3.18(b)) or a voidte matrix (Figure 3.18(c)).
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Debonding Crack in the particle Void
/ [ |

(@) (b) (©)

Figure 3.18. Failure or damage between the filker @atrix in the unit cell model
using (a) debonding; (b) crack in the particle; &r)dvoid in the matrix (reproduced

from Mishnaevsky Jr. [2007]).

3.5.1 Cohesive | nteraction in Micromechanics Models

A cohesive interaction is considered to model tlebahding between filler and
matrix shown in Figure 3.18(a). The filler is ially bonded to the matrix. To
describe the cohesive interaction, consider Figui® for two plates in cohesion
subjected to load in different directions. The &plload causes the cohesion
between the two plates to fail. The three mode&ibire are usually referred to as
opening Mode | (normal tension mode), Mode 1l (sheade) or Mode Il (out of

plane shear mode).
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Figure 3.19. Different damage opening modes: (ajeridnormal mode); (b) mode II
(shear mode); and (c) mode Il (out of plane simeadle) (reproduced from Krueger

[2006]).

The traction versus separation law is used to mitdetohesive element interaction,

where the nominal traction stress vectarjs described as:

tn Knn Kns Knt Jn
t=Kd={t.r=| K. K. K, {0, (3.82)

t‘[ Knt KS( Ktt Jt

where K is the coefficient tensor andl is the separation vector. The subscript in
Equation (3.82) refers to the directions shownigufe 3.19. For examplel,,, K
and K, represent the normal, shear and tangential cosffe respectively. Equation

(3.82) is described as a coupled traction-separabehaviour. For uncoupled

traction-separation behaviour, Equation (3.82ptuced to:

t) [K, 0 07][q
t=Ks={t.t=| 0 K_ 0 [{a.!. (3.83)
t 0 0 K,||g
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For a 2D traction separation behaviour, which abers only Mode | and Mode I

damage only, Equation (3.83) reduces to:

t=Ké= tn _ Knn 0 5n
=Ko= =l (3.84)

The traction versus separation law for each modailfre can be separated into two

regions [Camanho and Davila 2002; Abaqus 2009; Ab&a§10], as shown in Figure

3.20.
Traction (kPa)
tO tO tIO _________

E. Mode | (normal), Mode Il (shear),
! Mode Il (out of plane shear)

En erig y release rate

(area undergraph)

\Knn , Ks.:s , Ktt

; Separation (um)

O g .50
Figure 3.20. Traction versus separation curve.

In the first region, the traction-separation iselin elastic and is described using
Equation (3.83). In the second region, which ocaitrs critical normal stress,,

damage initiates. Damage is activated, in termsa ahaximum stress criterion

expressed as:

max{<tn> t—g tt—to} =1 (3.85)

o
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where the symbolt,) represents the Macaulay bracket, define(@tp}s:%(|tn| +t,),

implying that damage is not initiated in compressi®rogressive damage in the
interface occurs until complete failure. The damagelution law describes the rate
at which the cohesive stiffness is degraded afterdamage initiation criterion is
reached. For a 2D traction separation behaviouudton (3.84)), the energy that is

dissipated as a result of the damage processhéenergy release ratg,, is equal

0gc

to the area under the traction-separation curv&igure 3.20, i.e.G = ”2” and

0gc

G = 525 for pure normal and shear loading conditions retpaly. For mixed mode

£

loading conditions which do arise at the interfaéethe circular particles, the FE
software, Abaqus uses a linear mixed mode failocad with the total energy release

rate,G, being equal to:

G=G,+G, and o4 Sy (3.86)

where G, and G, are the energy release rate for pure normal aedrsloading

conditions respectively. The application of the esilie law for the micromechanics

model will be provided in detail in the Chapter&e¢tion 5.3.3).

3.6 Other Material Modelsfor Wheat Flour Dough

3.6.1 Phan-Thien-Tanner (PTT) Model

The Phan-Thien-Tanner (PTT) model has been sugbéstevheat flour dough by
Phan-Thieret al. [1997]. In the PTT model, the stress tenset,is described as a

combination of a hyperelastic stress tensqr, and a viscoelastic stress tensgy;

100



—— (3.87)

The hyperelastic stress tensey, is described as:

_ G
l+a

f(y)(B-aB") (3.88)

Oc

where G; is the elastic modulusa is a constant related to the second normal stress
difference, f(y) is a strain-softening function, and is the left Cauchy-Green

tensor. The viscoelastic stress tensgr,on the other hand is described as:

o, = f(y)2 a" (3.89)

. de')) _ .
c<l>+/1]{ Zt —Lc(‘)—c(‘)LT}:Z]jD. (3.90)

where the subscript and superscr(g't) refers to discrete relaxation spectrum for

j=L1..,N in Equation (3.89). The constantd,and 7, are the relaxation time
constant and viscosity respectivels% is the time derivativelL is the velocity

gradient tensor, an® is the strain rate tensor. The consta@s, A,and 7, are

determined from rheometric oscillatory tests thitotige following equations:

. i
G (w)=G ’
(w) =G +;1+Mjw (3.91)
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7@z y

T 1l+idw

where G’ (w) and 7’ (w) are the complex modulus and shear viscosity reispag

and w is the rheometer test frequency in rad/s. Therpaters,a and f (y) are

determined from constant shear strain rate expetsn®han-Thiest al. [1997] used

the following equation forf ()):

1 4
f)= (1+y/p) exp{{é] } 392

where y is the shear strainy, represents the strain at which shear thinning rsccu

with exponentm, and y,, is the strain at which “rupture” occurs under shea

The PTT model has been investigated by Phan-Téiah [1997; 2000] for wheat
flour dough under shear and oscillatory rheomedstst The PTT model has been
shown to fit reasonably well the Large AmplitudecDatory Shear (LAOS) tests
Phan-Thieret al. [2000]. However, no numerical investigation isfpaned using the

PTT model in a finite element method.

3.6.2 Pom-Pom Modd

The Pom-Pom model describes the effect of branabinigrge deformation rheology

[McLeish and Larson 1998], as illustrated in Fig@r21.
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Figure 3.21. The Pom-Pom model (reproduced fronji2997]).

The branch point in Figure 3.21 acts as a constrainthe end of the polymer
backbone to deform and flow. However, the constrannot permanent and will
release, allowing the branched point to retraco itite tube if the backbone is
stretched to a certain limit. The Pom-Pom modealiescribed using the following

equation:

6 =G@S (3.93)

where G is a modulus related to relaxation modulGd}); the latter can be obtained
from the linear viscoelastic region [Clemeasiral. 2003]. The parametel$ is the
orientation tensor an@ is a measure of the backbone stretching. The tatien

tensor,S, is described using:

A

S= Tr(A)' (3.94)

A is a tensor described by [Rubio and Wagner 2000]:
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%jm [ ]c (t)dt (3.95)

for reference time" and timet. The parameterC™ (t) is the Finger tensor and,

is a time-scale parameter.

The backbone stretching parametgr,in Equation (3.93) is defined as:

%tp:qp(ﬂv:s)—%(qo—l) for  @<aq. (3.96)

S

where [v is the tube deformation rate vector. The symbbitepresents the diagonal

product of two tensors. The ter%%o is described as the backbone relaxation, which

occurs at a fixed characteristic stretch relaxatiore scale,/,, while the orientation
can also relax separately at a time scald gfas shown in Equation (3.95). Equation

(3.96) is valid for a backbone that is stretchedatcstretch limit,q. A visual
representation of the stretch limit is shown in uUfeg 3.22. When the backbone
stretching parameterg, is equal/larger than 1 but less thgn the branches are

located outside the backbone tube. However, whertube is stretched to the value

of q, the branches are withdrawn into the backbone.t@ihis is defined as the limit

of the backbone stretching parameter.
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Branches withdrawn
into the backbone tube

Figure 3.22. The structure of a pom-pom polymehwibackbone that is stretched to

a stretch limitq (reproduced from McLeish and Larson [1998]).

The Pom-Pom model has been suggested as a suwtatsgtutive law for dough in
previous literature [Dobraszczyk 2004; Ng 2007; Aeamet al. 2007], but to the
author’s knowledge, there is no published work lv# tse and validity of the Pom-
Pom model for dough. This is possibly due to diffies in determining the
backbone stretching parameter for different modedeformation, as discussed by

Ng [2007].

3.7 Conclusion

This chapter discusses various material modelshidnet been applied to dough. The
Lodge rubberlike model was first described basegmvious work on wheat flour
dough [Ng and McKinley 2008; Tannerral. 2008; 2011a]. Tannet al. [2008] used

the idea of a damage function in the Lodge rubkeninodel to model dough under
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high deformations. The visco-hyperelastic model wlascribed next based from
previous work on wheat flour dough [Charalambigesl. 2006], as well as the

viscoplastic model available in Abaqus [2009; 2010}is is followed by

micromechanics models, which are used to invegtigamplex microstructures in
composite materials. The models can be simulatdthite element software using
the embedded cell or unit cell geometries. The g#oes allow damage between the
filler and matrix interface to be specified usiig tcohesive interaction law available
in Abaqus [2009; 2010]. The interaction is definading the traction versus
separation behaviour [Camanho and Davila 2002Jalinother rheological models
that have been suggested for dough are descrilzadely the Phan-Thien-Tanner

(PTT) and Pom-Pom models.
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Chapter 4. Experimental Work

4.1 Introduction

Wheat flour dough can be viewed as a composite riahiensisting of two main
constituents, namely starch and gluten [Amemiya a@Adnjivar 1992]. The
microstructure of dough, starch and gluten has loesrussed in detail in Chapter 2.
However, experimental investigation is normallyfpened only on dough [Ng 2007,
Charalambidest al. 2006; Tanneet al. 2008; Lefebvre 2009] by assuming it as a
homogenous material. Therefore in this chaptergstigation on the mechanical
behaviour of dough will include starch, gluten almligh in an attempt to treat dough
as a composite material. This includes mechanicatlihg tests under different
modes, namely uniaxial tension, uniaxial compressend shear rheometry.
Microstructure investigation is also performed dmeat flour dough using Cryogenic

Scanning Electron Microscopy (Cryo-SEM).

This chapter is divided into four sections. In 8at#.2, sample preparation involved
for the mechanical tests and microstructure studireslough, starch and gluten are
described. The dough mixing procedure is descriirst] followed by the dough
washing procedure to separate the starch and ghdaestituents. In Section 4.3,
experimental details of the uniaxial tension, ur@bxompression, shear rheometry
and Cryo-SEM tests are summarised. In Section methanical test results from
gluten, starch and dough samples are shown, asasdihe microstructure results
obtained using the Cryo-SEM. Finally, in Section5,4the mechanical and
microstructure test results are discussed followsd a proposal for a new

microstructure theory for dough.
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4.2 Sample Preparation

4.2.1 Dough Mixing

Wheat flour dough produced in industry normally €ists of wheat flour, water, salt,
yeast, emulsifiers and sweetener. A simple mixtofrevheat flour, salt (sodium
chloride) and water are considered here to prosidenpler mechanical/rheological
study. The mixer used in this work is manufactuosgdNational Manufacturing Co.
with the capability of recording torque and speedirdy mixing to a computer, as
shown in Figure 4.1. The mixer movement consist®oif planetary pins on the head
revolving around two stationary pins at the bottofrthe mixing bowl. It is worth
noting that this is the same mixer used by XiaddBlGand Wanigasooriya [2006] in
their wheat flour dough studies. Details and dismurs on the mixer movement are

provided in Appendix C.

Computer
(to record torque

| - and speed)
Planeta , I e
rotating p _‘., -,"
%’"m 7* | i

e

N

Stationar\; /
pins

Figure 4.1. Dough mixer used in this work.
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The flour used is a strong white bread flour pusetafrom the Wessex Mill in
Oxford, United Kingdom. A mixture of 198.5 g of wdteflour, 120 g of distilled
water and 1.5 g of sodium chloride is used to ntakedough (62 %, 37.5 % and 0.5
% weight percentage of wheat flour, water and igalpectively). The recipee is the
same as those performed in previous work on doudinerial College [Xiao 2005;
Wanigasooriya 2006]. At the speed of 118 rpm, thénoum mixing time is 100-130
seconds, where this corresponds to the peak immixirque, as illustrated in Figure
4.2 where torque versus mixing time is plottedwds found that increasing the
mixing time, i.e. >130 seconds reduces the torgakiey as indicated in the

overmixed region in Figure 4.2. The environment wastrolled at 50 % relative

humidity and a temperature of 22 .

The mixed dough was separated into two portionsvaagpped using cling film. One
portion was used for the mechanical and microstrectests on dough, whereas the
other portion was used for the dough washing prnaeedvhich is described in the
next section. Paraffin oil was applied on the farrdeugh portion to maintain the

moisture of the sample constant.
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Figure 4.2. Torque versus mixing time of a doughsa.

4.2.2 Dough Washing

As stated in the previous section, a portion of th&ed dough was used for the
dough washing procedure. The latter followed gumssl by Abang-Zaidekt al.
[2008], such that the starch in the dough was resddw washing the dough under
running tap water. During washing, the sample wastlg rubbed using fingers to
ensure that as much as possible starch was renfowadthe gluten matrix. The
starch was assumed to be absent when no cloudapeesared after the gluten was
squeezed into a container of clean water. The m@nwifree water in the gluten is
allowed to drip out by resting the gluten sampledpproximately 120 minutes on a
water absorbent paper. The gluten matrix was tb#éeaated, weighed and wrapped in
a cling film. To obtain dry gluten, the wet glutems cut into small pieces and was
allowed to dry at a temperature of 2€ and 50 % relative humidity overnight. The

dry gluten was then weighed.
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A similar procedure to the one described above peaformed to collect the starch
granules in this work. Rather than draining theewatontaining starch during the
washing, it was collected in a container. The doetawith water and starch was then
allowed to rest for two hours so that the staratiirsents filled the bottom of the
container. The clear water on top of the contaweas then drained. The starch

sediment was poured into a large steel tray, arslallawed to dry at a temperature

of 22 °C and 50 % relative humidity overnight. The dry skawas then collected

and its mass was measured.

4.2.2.1 Gluten Samples

The wet gluten as obtained from the dough washirgggulure described in the
previous section was used for all the mechanicts tand microstructure analysis on

gluten.

4.2.2.2 Starch Samples

The reconstituted wet starch was obtained by adtlegdry starch prepared as
described in Section 4.2.2 with a prescribed amafintater. The amount of water
added to the dry starch needs to represent the w@téent of starch in mixed dough.
Thus the water distribution between flour compoggne. starch and gluten, needs to
be known. A few methods are available to measuse ttamely the simple liquid
summation method and the water vapour absorptichadgRoman-Gutierregt al.

2002a; 2002b]. These are discussed in Section.2.2.5

The simple liquid addition method was initially fiemed in this work by measuring

the weight of starch and gluten obtained from thagth washing procedures. First,
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the wet and dry gluten weights were measured exgatially, which are referred to
as [2b] and [1b] in Table 4.1 ([2b] implies row [2plumn [b]). The water content of
gluten was calculated as: [3b]=[2b]-[1b]. This vilasn used to obtain the wet and dry
starch weight, [2a] and [1a] respectively, from kmown weight of dough [2c] and
dry flour [1c]: i.e. [2a]=[2c]-[2b]. It should beated that the value calculated in [1a]
(dry starch) is somewhat larger than the experiaignmeasured value~(165 g).
This may be due to some starch being lost duriegstarch preparation procedure.
The water content of starch [3a] is then calcul@edhe difference between water of
dough [3c] and water of gluten [3b]. The distriloatiof water, [4], was obtained by:
i.e. [4a]=[3a]/[3c]. Finally the (water-content)fydweight), [5], was obtained by

dividing row [3] by row [1], e.g. [5a]=[3a]/[14a].

Table 4.1. Starch and gluten composition in doughgusimple liquid summation

method.
[a] Starch + | [b] Gluten = | [c] Flour/Dough
[1] Dry weight(g) 171 27.5 198.5
[2] Wet weight (g) 231.8 86.7 318.5
[3] Water content (g) 60.8 59.2 120
[4] Distribution of water (%) 52 48 100
[5] Water-content/Dry-weight (w/w) 0.35 2.15 0.60

The starch sample obtained using the formulationrsarised in Table 4.1, [5a], is
referred to as starch 1. It was found that stareiag very dry and powdery when
moulded into a cylindrical shape for the compreassists. Under uniaxial
compression, the starch crumbled rather than unifodeformed, as shown in Figure

4.3.
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Log strain -0.1 Log strain -0.5 Log strain -1.0

Figure 4.3. Uniaxial compression results of starat -5/min. True strain is evaluated
through Equation (2.5). The uniaxial compressi@h teethod is discussed in Section

4.3.2.

The alternative was to use the water content dataldugh and gluten reported by
Roman-Gutierrezt al. [2002b]. They used the water vapour absorptiorhoteand
measured the ability of the individual flour compats to trap water molecules by
measuring the mass of an initially dry sample, @ihcon an atmospheric
microbalance in a continuous flow of air, at colié relative humidity. The mass of
water absorbed at different humidities was therd usedetermine the theoretical
distribution of water in dough, through the GuggaeinirAnderson-de-Boer (GAB)
model, which is discussed in Section 2.2.5. Ther#tecal water distribution among
flour components for a strong wheat flour was appnately 88 % for starch and 12
% for gluten/others at 60 % relative humidity aril°Z . It is worth noting that the
flour used in this work is also a strong wheat fjaimilar to the one used by Roman-
Gutierrezet al. [2002b]. Therefore, their suggested water distidvuvalues were
used to estimate the water content of starch, asrsim [4] in Table 4.2. The entries

in Table 4.2 were calculated in the same way asetio Table 4.1.
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Table 4.2. Starch and gluten composition in dougihgiwater vapour absorption

method.
[a] Starch +| [b] Gluten = | [c] Flour/Dough
[1] Dry weight (g) 171 27.5 198.5
[2] Wet weight (g) 276.6 41.9 3185
[3] Water content (g) 105.6 14.4 120
[4] Distribution of water (%) 88 12 100
[5] Water-content/Dry-weight (w/w) 0.62 0.52 0.60

The starch sample obtained using the formulatiofable 4.2 is referred to as starch
2. Note that, compared to starch 1, a larger amolintater was added for starch 2.
As a result, it was found that starch 2 formed atgdike substance which could
easily be formed into compression test samples, thedstarch was uniformly

deformed during uniaxial compression tests, as shiowFigure 4.4. It was decided
that the formulation in Table 4.2 would be usedtfe mechanical tests on starch in

this work. It would be interesting to investigates tdifference in microstructure of

starch 1 and 2 using Cryo-SEM in the future.

Log strain -0.1 Log strain -0.5 Log strain -1.0

Figure 4.4. Uniaxial compression results of stét&t -5/min.
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4.3 Experimental Methods

4.3.1 Uniaxial Tension

The geometry for uniaxial tension tests were disedsn Section 2.3.1. A cylindrical
“I” shaped mould made from Perspex is used to peeppecimens for the uniaxial
tension tests, as shown in Figure 4.5. The “I” glshgeometry is chosen as sample
preparation is relatively easy compared to dumkdiedbed and cylindrical flared end
(CFE) moulds. No heating is needed at the sample érthe “I” shaped geometry is
used. The sample ends were air dried quickly sothigaend sections could be glued
to the test platens and therefore will not flowidgrthe test. This has been described

already in detail in Section 2.3.1.

fad o)
6.5
o/

96
916

o0

Figure 4.5. Geometry of “I” shaped mould used [Vgasboriya 2006]. All units

shown are in milimeter (mm).

The mould was cut into two halves along its lendthiod of dough approximately 6
mm in diameter is placed into one half of the maand the other half is then used to
“close” the mould. To eliminate sticking of the galmonto the surface of the mould,

paraffin oil was used as a lubricating agent. Tle thalves of the mould were
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pressed together, and the excess dough was cinbwffthe two ends using a pair of
scissors. The ends of the specimen surfaces watteriéd by placing the mould
between two PTFE platens. A small weight was plawetbp of one of the plates for
10-15 minutes. The two plates were removed by dinglimotion and any excess

material was scraped off using the edge of a Perglage.

The sample was then left to relax for 45 minutef®igetesting, as shown in Figure
4.6(a). The exposed end sections of the sample Mtreo air dry during this time
period. After that, one half of the mould was thaken out (Figure 4.6(b)), before
lines was marked on the sample surface, as showigure 4.6(c). The marking was
performed using food colour (Supercook black), Whicas spray painted through a
stencil with horizontal lines opening. The samplaswhen glued on the loading
platens using Cyanoacrylate adhesive. The adhesms left to cure for
approximately three minutes. The mould was therefady removed from the
sample, and the paraffin oil applied earlier assishe removal process. Figure 4.6(d)

shows the sample just before the test starts.
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© @

Figure 4.6. (a) The dough sample in the mould, whiee end sections were exposed

to air; (b) sample after a half of the mould wdsetaout; (c) sample after being
marked; and (d) sample after glued to the loadlateps and the mould was

removed.

All tests were performed in a controlled environmiatoratory of 22°C and 50 %
relative humidity. An Instron 5543 testing machimiéh a 100 N load cell, capable of
performing true strain rate tests, was used foretittension measurements. The tests
were performed at constant true strain rates (CTe&SR)pposed to constant crosshead
speeds (CCS). To keep the strain rate constantcrbeshead speed was set to
decrease exponentially with time. Kouassi-Koéli al. [2010] investigated the
difference between CTSR and CCS tests on doughthaydfound that CTSR and
CCS tests produce quit similar results for truaistup to~ 0.25. However at large
strain, CCS tests give higher consistency index poder law constantk andn

respectively than CTSR tests when plotted usinggpdew equation, i.e. Equation
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(3.1). This is because the true strain rate for @&%s is not constant compared to

CTSR tests.

4.3.2 Uniaxial Compression

Compression tests were performed following the @doces outlined by
Charalambidest al. [2005; 2006]. The materials and apparatus neededhown in

Figure 4.7.

Figure 4.7. Materials and apparatus for uniaxiahpgession tests: 1) dough, 2)
grease-proof paper, 3) paraffin oil, 4) paint biuShPTFE roller, 6) Perspex plate, 7)

PTFE plate, and 8) ring mould.

Ring moulds of 40 mm diameter and height of 20 meneaused. A ring mould and a
square PTFE plate were coated with paraffin oieaSeproof paper was used around

the internal surface of the mould to assist remavdahe sample from the mould. A
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portion of dough was pressed into the ring mouée (Bigure 4.8(a)), and any excess
dough was removed using a Perspex plate, as showigure 4.8(b). No excess of
dough can be seen in Figure 4.8(c) by placing #grsgex plate on top of the sample.

A PTFE plate was then placed on top of the modiledfiwith dough.

@ (b) ()

Figure 4.8. (a) Sample in the mould; (b) excesggddaeing removed; and (c) no

excess dough on top as observed using Perspex plate

After approximately 10 minutes, the top PTFE plate mould were removed
through a sliding motion, as shown in Figure 4.9(de sample was then allowed to
relax for at least 45 minutes, as shown in Figug€bj. During the relaxation period,
paraffin oil was applied on the top surface of éxposed sample. The greaseproof
paper used earlier helps to support the sample ddgag the relaxation period
(Figure 4.9(b)). The sample was transferred froemRAFE sheet to the bottom of the
loading platen through a sliding motion. The grpasef paper was then peeled off

from the sample, as shown in Figure 4.9(c), jusbieethe tests.
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(@) (b) (€)
Figure 4.9. (a) PTFE plate removed by sliding matit) sample was allowed to

relax for 45 minutes with greaseproof paper; andgémple after being transferred to

the loading platen.

The tests were conducted under lubricated conditiming a 500 centistokes silicone
lubricant(Polysiloxanesppplied at the sample and platen interface [Chianiaildeset

al. 2005]. Any residual paraffin oil was removed usatggsorbent paper at this stage
before applying the silicone lubricant. An Inst8543 testing machine with a 1 kN
load cell, capable of performing true strain ragstg, is used for the measurements.
The tests were performed at constant strain ratglstwe strain values reached -1. A
strain value larger than -1 is not proposed in shusly due to the lubricant’s inability
to provide frictionless conditions at such highasts [Charalambidest al. 2005;

2006].

Cyclic-compression tests were also performed. Tampte is compressed and
subsequently unloaded to zero stress at the samia shte; subsequent reloading-
unloading cycles followed at the same strain rateadditional PTFE film of 25um
thickness was positioned between the top, revegsatgn and the sample as an extra
precaution to ensure that zero tension is appliethe sample during the unloading
phase of the test. An example of the applied titgnsversus time plot for cyclic

tests on gluten is shown in Figure 4.10.
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Figure 4.10. True strain versus time for cyclic-gwassion of gluten at -5/min.

4.3.3 Shear Rheometry

The sample was mounted on a AR2000ex (TA Instrushyehtometer. All the tests
were performed using the parallel plate configoratiFigure 4.11a). Sand paper of
100 grit size grade was attached on the plate citia prevent the slippage of the
sample during the tests [Tanretral. 2008], as shown in Figures 4.11(a) to 4.11(c).
Waterproof sand paper (Mirka Wet and Dry) was utseg@revent swelling of the
sandpaper when in contact with wet samples [Ha2dd0]. The tests are best
performed using cone and plate geometry, as slean ;1 the geometry is uniform
throughout the gap. However, if sandpaper is useg@révent slippage, then the
parallel plate geometry is more practical. It isieato apply adhesive backed sand-
paper onto the parallel plate than on the cone @ate geometry. Most of the
reported shear tests on dough are previously peerusing the parallel plate
geometry [Phan-Thied al. 1997; Ng and McKinley 2008; Lefebvre 2009]. Thash
been described already in detail in Section 2.8.30 mm diameter parallel plate is

used for the tests.
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Figure 4.11. Sample preparation for shear rheontesty (a) sand paper attached to
the surface of a parallel plate; (b) sand papech#d on the base plate; (c) the
parallel plate attached to the rheometer; (d) ayd@ample is placed on the base
plate; (e) the excess dough at the side of theplabds removed; and (f) the sample

was allowed to rest for 45 minutes.

The sample was placed on the peltier plate (bazst)pbf the rheometer (Figure
4.11(d)), and the top plate was lowered to makdéambnvith the sample. A 3 mm gap

was set between the plate and the base. The edoeghk at the side of the plates was
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removed using a sharp blade, as shown in Figurd&).1The sample was allowed to
rest in this configuration for 45 minutes until thermal stress reduced significantly
(Figure 4.11(f)). This step of reducing the normstiess is crucial in the sample
preparation since the residual stress from the ngixand specimen mounting
influences the measurement of shear stress ofdhghd[Phan-Thiemt al. 1997]. A

thin layer of silicon oil was applied at the sidksing the rest time to prevent drying

at the edges of the sample. The temperatur@2dfC at the rheometer base (peltier

plate) is controlled by a water circulating tempera control unit (Julabo AWC 100).
4.3.4 Cryo-SEM

The Cryo-SEM test equipment (model ALTO 2100) mantdred by Gatan was used
to observe the microstructure of dough. A schenwtitie equipment consisting of a

Cryostage, Prep-chamber, and Slush station is showigure 4.12.
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Figure 4.12. Cryo-SEM test configuration for a dosgmple.

The Cryostage is placed inside the SEM chamberu(Eigd.13(a)), which is

connected to the prep-chamber through an openickifig valve) at the side of the
SEM unit (Figure 4.13(b)). The Cryostage and thepRthamber are connected to a
controller and liquid nitrogen circulation system dontrol the temperature (Figure

4.12).
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Figure 4.13. (a) The Cryo-stage is installed in3l&VM chamber; (b) prep-chamber;

and (c) evaporated liquid nitrogen during the aogplilown process.

At the beginning of the Cryo-SEM test preparatite, Prep-chamber and Cryostage
inside the SEM need to be cooled down with liquittogen at a temperature of
approximately -188C (Figure 4.13(c)). Once the light indicator nexthe backing
valve (the valve between SEM and Prep-chamber gurEi4.12) turned green, the
Cryo-SEM test equipment is ready for the experiméntsmall piece of dough
(approximately 5 mm size) was glued on a samplddrplwhich is connected to a
transfer rod. The sample was then placed in a vacslush pot containing liquid
nitrogen at the Slush station, as shown in Figuet.40nce exposed to liquid
nitrogen (Figure 4.14(b)), the sample was covergdgua PTFE cover at the Slush
station (Figure 4.14(c)) and moved to the Prep-dfemunder vacuum (Figure
4.14(d)). The sample needs to be under vacuumea$lish station to maintain the
same vacuum condition when transferred to the En@paber. In addition, the PTFE
cover prevents water from the ambient surroundingpaphere to accumulate on the

sample’s surface once exposed to liquid nitrogen.
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Figure 4.14. Exposure of dough sample into liguicbgen at the Slush station.

Inside the Prep-chamber, the sample was transféoréte Cold block where it was
fractured using a sharp blade to reveal its inlesuaface (see Figure 4.12). To
eliminate ice that has formed on the surface of shenple, a process called
sublimation was performed. Sublimation was condlidtg transferring the sample
from the colder temperature stage inside the Phepaber to a higher reference

temperature inside the SEM. The sample was lefetfoe a period of time to remove
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ice on the sample’s surface. During this processs iimportant to record the

temperature and time setting for reasons whichhweiltliscussed in Section 4.4.4. The
sample was then transferred back to the Cold bincke Prep-chamber and gold
sputtered for 90 seconds. The imaging was finadlsfggmed at the Cryostage after

the gold sputter process (Figure 4.12).

4.4 Experimental Results

4.4.1 Uniaxial Tension

The tensile behaviour of gluten at two differerast rates (5/min and 0.5/min) is
shown in Figures 4.15(a). Gluten shows strain handeat large strain as well as
strain rate dependent behaviour. The sample isrefd uniformly, as shown in

Figure 4.15(b). The results for different sampletha same rate, i.e. 5/min are shown
as filled and unfilled points in Figure 4.15(a)itmlicate repeatability. Note that the
experimental results in this section are obtaimedhfat least four replicate samples

using the same batch of flour.
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Figure 4.15. (a) Uniaxial tension test results tutam; and (b) sample deformation at

different true strain values during tensile te$tS/min.

The results from tensile tests of dough at differgnain rates are shown in Figure
4.16(a). A strain rate dependent behaviour is oeskat the strain rate tests of 5/min
and 0.5/min, which is similar to the gluten tesfules in Figure 4.15. Images of a
dough sample under tensile test at different stralnes are shown in Figure 4.16(b).
Notice that the deformation of dough in Figure 4b}@s less uniform compared to

the images of gluten in Figure 4.15(b). This isgiloly due to dough being softer than
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gluten, as shown by the difference between thess$&ain results in in Figure

4.16(a) and 4.15(a) respectively.
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Figure 4.16. (a) Uniaxial tension test results ongh; and (b) sample deformation at

different true strain values during tensile te$tS/min.

It should be noted that uniaxial tension teststanch were not performed because it
was found that starch could not be formed intg‘thehaped specimens, or any other

tensile specimen geometry. This is because thehstsamples did not form a

cohesive enough paste.
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4.4.2 Uniaxial Compression

The compression test results from gluten sampkestawn in Figure 4.17(a). Gluten
shows strain rate dependent behaviour. Lower &sesiee observed for gluten under
compression mode as compared to tensile mode urd-ifj15(a) at the same strain,
which indicates that the stress-strain result afegl in tension is not just a ‘reverse’
to compression. The sample condition is shown guiE 4.17(b) at different strain

values.

Gluten

N
[%2)
|

= -50/min = -50/min

*-5/min ¢ -5/min

N

+ -0.5/min » -0.5/min

[y

True stress [negative] (kPa)
[
(9]

o
n

0 0.2 0.4 0.6 0.8 1
True strain [negative]

True strain -0.1 True strain -0.5 True strain -1.0

(b)

Figure 4.17. (a) Uniaxial compression test resutigluten; and (b) sample

deformation at different true strain values dur@agnpression tests at -5/min.

130



The results from the compression tests of starehshown in Figure 4.18(a). The
starch is prepared using the methods describece@tid® 4.2.2.2. The starch also
shows strain rate dependent behaviour. The sangbtgndation is shown in Figure

4.18(b) at different strain values.

12
Starch

10 { = -50/min = -50/min .
l“’\:
+ -5/min o -5/min e
8 - Lt
+-0.5/min  -0.5/min ey

True stress [negative] (kPa)

0 0.2 0.4 0.6 0.8 1
True strain [negative]

(@)

True strain -0.1 True strain -0.5 True strain -1.0

(b)

Figure 4.18. (a) Uniaxial compression test resuttstarch; and (b) sample

deformation at different true strain values dur@ognpression tests at -5/min.

The results from compression tests on dough arersi Figure 4.19(a). The dough
shows strain rate dependent behaviour, which islasino the gluten and starch
results shown in Figures 4.17 and 4.18 respectiveigges of the dough sample at

different strain values are shown in Figure 4.197lh)e stress-strain results obtained
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for dough shows similar rate-dependent behaviouh¢ofindings by Charalambides
et al. [2006]. A rate dependent behaviour for dough ungeaxial compression is

also reported by Swilinskt al. [2004] and Launay and Michon [2008].

4 1 Dough o
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True strain -0.1 True strain -0.5 True strain -1.0
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Figure 4.19. (a) Uniaxial compression test resatisiough; and (b) sample

deformation at different true strain values dur@agnpression tests at -5/min.

4.4.2.1 Compression Relaxation

Compression relaxation tests of gluten, starch douph are shown in Figure 4.20.

The samples were compressed to the required stahies at a constant strain rate of
5/min and held fixed for a period of time (i.e. D08econds) while the stress decay is
recorded. At lower strain (true strains -0.2 an@5)), the stress in gluten relaxes to

zero values after 1000 seconds. The stress inhstamcthe other hand shows an
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almost instantaneous reduction as soon as theatelaxexperiments begin. However,
the stress in starch is still significant after Q@@conds for all the applied strains. It is
worth noting that the stress for dough reduced riiwaa starch and gluten after 1000
seconds. Finally, it is suggested that the instetas reduction of stress in dough

(Figure 4.20(c)) is caused by starch, whereasahg time stress relaxation is caused

by gluten.
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Figure 4.20. Compression relaxation test resultgangluten; (b) starch; and (c)

dough. All the tests are performed at -5/min.
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4.4.2.2 Compression Loading-Unloading

The results from the compression loading-unloadasgs of gluten, starch and dough
are shown in Figure 4.21. The samples were comguidssthe required strain values
at a constant strain rate of -5/min before beinlgasted at the same rate until the load
is removed. Different samples are used for eainsghown in Figure 4.21. During

the unloading period, it can be seen that thersttaes not recover completely to its
initial state for all the samples tested (Figur214. In particular, gluten shows non-

linear unloading curves even though the loadingvesirare approximately linear

(Figure 4.21(a)). This is in contrast to the staackl dough, which show non-linear
loading and unloading curves (Figure 4.21(b) arzd @)). It can also be seen that the
unloading-reloading curves of starch is almostigaricompared to gluten and dough.
Repeatability is observed from the initial loadipgrts of the stress-strain curve

corresponding to different strains which approxiehabverlap each other.
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Figure 4.21. Compression loading-unloading tesilte®n

True strain [negative]

(©)

(c) dough. All the tests are performed at -5/min.

4.4.2.3 Cyclic Compression

Cyclic compression test results for starch, glated dough are shown in Figure 4.22.
During unloading, a larger strain recovery is obedrfor gluten (Figure 4.22(a)) as
compared to starch (Figure 4.22(b)) and dough (EigL22(c)). This is similar to the

findings in the previous section for the loadindeading tests. These findings

suggest that gluten and starch behave like rulideewind viscoplastic materials

respectively. This will be investigated furtherGhapter 5.
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Figure 4.22. Cyclic compression test results ongliaten; (b) starch; and (c) dough.

All the tests are performed at -5/min.
4.4.3 Shear Rheometry Tests
4.4.3.1 Shear Strain Sweep and Shear Frequency Sweep

The results from Small Amplitude Oscillatory Sh€&AOS) tests on dough and
gluten, namely the shear strain sweep and frequemmep tests, are shown in
Figures 4.23(a) and 4.23(b) respectively. The sb#am sweep tests on dough and
gluten were performed at 1 Hz for shear strainsouf00 %, following the procedure
by Tannert al. [2008]. Dough is shown to have high®r and G values than gluten

in the linear viscoelastic region (LVR) in Figure23(a). However, the LVR limit for
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gluten is higher than dough, which is consisterthofindings by Uthayakumaraah
al. [2002]. Frequency sweep tests were subsequentigrpeed on dough and gluten

in the LVR strain range (0.1 % strain) at a frequyerange of 0.1-30 Hz. The results

show higherG and G values for dough than gluten (Figure 4.23(b)), chihis

consistent to the shear strain sweep results inLYe limit (Figure 4.23(a)). Note
that almost linear curves of tf@ andG in Figure 4.32(b) can be represented using
a simple power law equation (Equation 2.20 in Céag): i.e.G (t) =G (1)aJ' . This

will be discussed later in Section 5.2 in Chapter 5

100 g 100 1
1 = G'gluten s G"gluten ]
LVR of Dough o G'dough & G"dough 1
i 10
§10 3 L T _ E
~ ] fogy S
= oo, TPy =
[U) 1 §aTates000000000000008,,,,  To H
= 1T e g 1
Sl e &
(U] l. AAA - O
1 '\-i -"“"A'“"lu-:gg (U] 1 e oo
e iy, 014 0000 = G' dough + G" dough
LVR of Gluten | ]
: s G' gluten o G" gluten
01 T T T T 0.01 L I 3 e e o o e B e R B B R
0.0001 0.001 0.01 0.1 1 10 100 0.01 0.1 1 10 100 1000
Shear strain (%) Freq. (rad/s)
(a) (b)

Figure 4.23. Small Amplitude Oscillatory Shear (S®)Q@est results on dough and

gluten: (a) shear strain sweep; and (b) shear émgusweep at 0.1 % strain.

4.4.3.2 Constant Shear Strain Rate

Figures 4.24(a) and 4.24(b) show the results from ¢onstant shear strain rate
(CSSR) tests performed on gluten. The gluten ststkain rate dependent behaviour.
The deformation of the samples at different sheairs is shown in Figure 4.24(b).

At the shear strain range of 10 to 20, it was \lgusoticed that the sample slipped at

the edge of the plate (Figure 4.24(b)). The rotationotion of the rheometer plate at
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large strain caused the sample to roll up and getexl from the geometry gap, as
shown in Figure 4.23(b) for shear strain 20. Thas lsaused the drop of the shear
stress shown in Figure 4.23(a). A similar slippages also observed for shear strain
rates of 50/min and 0.5/min. This indicates thatrteximum shear strain seems to be
independent of the strain rate. Note that a singlaten sample slippage was also

reported by Ng and McKinley [2008].

100 g
1 Gluten
10 | 5 50/min
= 3 < 5/min
< l .
T‘f’: 1— » 0.5/min
& ]
4&; ]
& 0.1 -
(0] 7
2 3
m B
0.01 A 4
g Lo
0.001 — T
0.001 0.01 0.1 1 10 100
Shear strain
(a)

Shear strain 0.1 Shear strain 3 Shear strain 20

(b)

Figure 4.24. (a) Constant shear strain rate tesitseon gluten; and (b) sample

deformation during shear tests at 5/min.
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Figure 4.25(a) shows stress-strain curves from C&SR on dough samples. A rate
dependent behaviour is again observed which is rpovaounced than in gluten.
Images of the sample deformation during the shesas tare shown in Figure 4.25(b).
Similar to gluten, the sample slipped at the edfj¢he plate at a shear strain of
approximately 20. This is in agreement with puldtidata by Phan-Thied al.

[1997] and Tannest al. [2008].
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Figure 4.25. (a) Constant shear strain rate tesitsson dough; and (b) sample

deformation shear tests at 5/min.
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To demonstrate the effect of the correction fadiscussed in Chapter 2, Equation

(2.12) is used to correct the shear stress of danghgluten through:

__ |3, 1y 01,
I, =T —+=-F )
4 4r1,0).

The results are shown in Figure 4.26 as a compabsbween the rheometer output
and results calculated using Equation (2.12). it ba seen that the difference is

larger for dough than gluten. A small correctioatda for gluten was also reported by

Ng et al. [2011].

1 1
Gluten Dough
= Rheometer output o Rheometer output 2ough
5/min =
0.8 1 —Equation (2.12) oL 0.8 1 _—Equation (2.12)
9 g i
206 =06 - 5/min
2 a
< g
k7 @
5 0.4 504
[T o Y-
b3 &
lllllll ot
s o
i o | T
02 s 0.5/min - g
g 0.5/min
0 T 0 T T T
0 0.5 1 1.5 2 0 0.5 1 1.5 2
Shear strain Shear strain
€) (b)

Figure 4.26. Rheometer output versus corrected stiess using Equation (2.12).

It is worth noting that shear rheometry test resoh starch are not shown because
they showed non-repeatability, which is believedéodue to the sample slipping out

of the rheometer. This is again because the sw@iccimot form a cohesive enough

paste material.
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4.4.4 Cryo-SEM
4.4.4.1 Effect of Sublimation

An investigation was performed to study the effecsublimation on the observed
dough microstructure. The Cryo-SEM test procedsirasi described in Section 4.3.4.
A sublimation setting of -9C and 2 minutes was used on a dough sample and was
compared with a non-sublimated sample. The reapétshown in Figure 4.27 at two
different magnifications, i.e. Figures 4.27(a) ah@7(c) at 1000 and 3000 times

magnifications respectively.

Non-sublimated sample

7
C

Sublimated sample

Imperial 5.00kV 14.7mm x3.00k SE Imperial 5.00kV 15.2mm x3.70k SE 10.0um

(c) ()

Figure 4.27. Cryo-SEM images of dough for: non-snbted sample ((a) and (c));

and sublimated sample ((b) and (d)) at a sublimatitting of -90°C for 2 minutes.
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A significant difference is observed between the-soblimated sample (Figures
4.27(a) and 4.27(c)) and the sublimated sampleu(egy4.27(b) and 4.27(d)), where

the starch granules and gluten structure are gleaible in the latter.

To investigate the effect of sublimation settinggjifferent sublimation setting, i.e.
—70°C and 10 minutes was used, and the resulting imagecampared to the image

corresponding to the sublimation setting €30°C and 2 minutes as shown in
Figures 4.27(b) and 4.27(d). The former sublimatsattings were obtained from

Jinheeet al. [2009] for dough. The comparison results are shimafigure 4.28.

Sublimation setting Sublimation setting
(-70 °C and 10 minutes) (-90 °C and 2 minutes)
R -v,:f*." DAy v b T A s 3 5

IIIIIIIIIIII i "

100um Imperial 5.00kV 15.2mm x1.00k SE 50.0um

......................

Imperial 5.00kV 14.4mm x3.00k SE 10.0um Imperial 5.00kV 9.8mm x4.00k SE

(© (d)

Figure 4.28. (a) and (c) Sublimation setting coriguar of -70°C and 10 minutes;

(b) and (d) Sublimation setting of -9@€ and 2 minutes.
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It is apparent that the starch and gluten microsiine are clearly visible with no
cracks observed on the surface, when the sublimatiiting of -90°C and 2
minutes was used (see Figures 4.28(b) and 4.28(dypntrast, cracks are observed
in the image taken at the sublimation setting df °Z and 10 minutes (Figures

4.28(a) and 4.28(c)). Therefore the sublimatiotirsgf -90°C and 2 minutes was

used for the remaining Cryo-SEM tests performetthis thesis.
4.4.4.2 Microstructure of Gluten, Starch and Dough

Figure 4.29(a) shows the microstructure of the egilusamples prepared using the
Cryo-SEM method. No starch granule is physicallgefed on the gluten surface.
The small holes in the gluten microstructure inufey4.29(a) are artefacts due to
evaporation of ice during the sublimation procéssimilar microstructural image of

gluten is also observed by Kontogiorgos and GdDE], as shown in Figure 4.29(b).

-

Imperial 5.00kV 15.8mm x4.70k SE

(a) (b)

Figure 4.29. (a) Microstructure of native gluteniabed from dough washing
procedure; and (b) microstructure of gluten obtdibg Kontogiorgos and Goff

[2006].
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Figure 4.30 shows SEM images of dry starch obtaiaéldr dough washing
procedures described in Section 4.2.2. The stavnhkists of larger ellipsoidal type A
and smaller circular type B varieties [Taneeal. 2011b], as shown in Figure 4.30(a)
and 4.30(b). No damaged starch is observed whielmgsuraging as it is proof that
the washing and drying procedure followed in thisrkvdid not alter the starch

granules. This is consistent with the discussiorstanch in Section 2.2.4, where the

hydration process of starch is reversible at roemperature, i.e. 22C.

Imperial 15.0kV 62.9mm x2.10k SE
(b)
Figure 4.30. SEM images of dry starch, which cdes$ larger ellipsoidal type A

and smaller circular type B varieties.

Figure 4.31 shows the microstructure of an undeéoirdough obtained using the
Cryo-SEM tests. The larger ellipsoidal type A anehBer circular type B starch are
surrounded by gluten, as shown in Figures 4.31fd)431(b). The starch granules
are bonded to the gluten, and the boundary betweeistarch and gluten is clearly

visible, as shown in Figure 4.31(b) at larger mégaiion.
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Circular /’
Starch-Gluten

starch
Ellipsoidal starch Boundary

Gluten

Imperial 5.00kV 9.9mm x1.00k SE

Imperial 5.00kV 9.9mm x4.20k SE

(a) (b)
Figure 4.31. Cryo-SEM images of undeformed dough.

In order to investigate the degree of swelling tawrch, the dimension of the starch
particles in Figures 4.30 and 4.31 were comparedaddrements of the starch

particles were performed along two orthogonal axesymmetry ¢ andf) to reveal

the aspect ratio, as shown in Figure 4.32. Thdtseate shown in Figure 4.32 for the
larger ellipsoidal type A starch (Figure 4.32(a)flahe smaller circular type B starch
(Figure 4.32(b)). It appears that swelling is npparent for starch in dough when
compared to the dry starch for type A and B stasclighis agrees to the results
obtained by Tester and Morrison [1990] (Figure 2X&hich shows that starch

swelling is not apparent at room temperature.
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Figure 4.32.
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starch for (a): type A starch; and (b) type B dtarc

4.4.4.3 Effect of Deformation on Microstructure of Dough

The microstructure of dough after being deformedigstigated using Cryo-SEM.

Dough samples were stretched or compressed manaallywere compared to an

undeformed sample. Both samples were exposed tid ligitrogen under vacuum

conditions before being transferred to the Cryo-SéHdmber. The same sublimation

setting of -90°C for 2 minutes was used for both samples.
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The images are shown in Figure 4.33. The imagasdéformed dough and gluten
are shown in Figures 4.33(a) and 4.33(b) as refereividence of debonding at the
starch-gluten interface is observed for the stedichample (Figure 4.33(d)), such
debonding was not present in the undeformed sa(Rplere 4.33(a)). This suggests
that the dough may be undergoing damage [Tasnhal. 2008] due to the starch-
gluten interaction weakening at large deformatidnscontrast, debonding is not as
apparent when the dough was subjected to a connmeksmd (Figure 4.33(c)).

Finally, it is worth noting that the procedure tefarm dough before exposure to
liquid nitrogen was performed as quickly as possiiol prevent the effect of stress
relaxation and recovery on dough. However, it ipassible to avoid relaxation at
very short time, i.e. the stress relaxation of dodigr time less than 10 seconds

shown in Figure 4.20(c).
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Imperial 5.00kV 15.8mm x4 .70k SE 10.0um

(b)

10.0um

Imperial 5.00kV 15.7mm x5.00k SE 10.0um Imperial 5.00kV 14.7mm x3.20k SE 10.0um

(d)

Figure 4.33. Microstructure of: (a) undeformed dougp) undeformed gluten washed

under running tap water; (c) compressed doughjdnstretched dough.

4.5 Discussion

The experimental results of this chapter are regteand summarised in this section.
The results from Small Amplitude Oscillatory Sh€&AOS) tests show that the
gluten has lower storage and loss moduli values doaigh. The results from uniaxial
compression, uniaxial tension and shear performeésfmin for dough, starch and
gluten are compared in Figure 4.34. Under uniag@shpression, the starch has the
highest stress-strain curve followed by dough dateg, as shown in Figure 4.34(a).
However, a different stress-strain pattern is okestrunder uniaxial tension and

simple shear, as shown in Figures 4.34(b) and d)3d¢§pectively. The dough stress-
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strain curves under tension and shear are seawds over the curves for gluten and

therefore leading to lower stress values thanurtegl.
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Figure 4.34. Comparison of dough, gluten and staarh large deformation tests: (a)
uniaxial compression; (b) uniaxial tension; andg@)stant shear strain rate. All the

tests are performed at 5/min.

The microstructure test results show evidence dfodding at the starch-gluten
interface for the stretched sample (Figure 4.33(a)ile debonding is not apparent

when the dough was subjected to a compressive(fogdre 4.33(c)).

It is therefore suggested that the mechanical bebawf dough can be described

using starch as a filler contained in a gluten mafrhe filler-matrix interaction can
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be represented by the starch-gluten interactiomldngh. The interaction can be
classified as being in the: well bounded compastgon, partially debonded region
and fully debonded region, as shown in Figures (4)354.35(b) and 4.35(c)
respectively [Meddad and Fisa 1997]. At a smablisirthe filler-matrix interface is
well bonded, indicating no filler-matrix interfadamage, as shown in Figure 4.35(a).
Partial debonding occurs as the strain increasesidicated in Figure 4.35(b), before
finally the filler-matrix interface is fully debordl in Figure 4.35(c). This hypothesis

will be investigated further in the next chapter.

(@) (b) (c)

Figure 4.35. Filler-matrix debonding concept fotymaeric materials by Meddad and
Fisa [1997] for: (a) well bonded composite regif); partially debonded region; and

(c) fully debonded region.

4.6 Conclusion

An experimental investigation on the mechanicalavedur of dough, starch and

gluten is performed in this chapter. The flour ussdstrong white bread flour,
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purchased from the Wessex Mill in Oxford, Unitechg@om. The sample preparation
involved mixing flour, water and salt to produceugh. The mixed dough was then
washed using water to separate the starch andhgtotestituents. Dough, wet gluten
and reconstituted wet starch were used for uniaiasion, uniaxial compression,
shear rheometry and Cryo-SEM tests. Experimentllte for gluten, starch and
dough were then shown and discussed. Rate-depehdkatiour is observed from
all the samples tested in uniaxial compressiorepual tension and shear tests. Cryo-
SEM images show starch embedded in gluten matierevstarch consists of large
ellipsoidal-shaped and small circular-shaped 8lléMo trace of starch was observed
on the gluten matrix based on the Cryo-SEM imadegashed gluten. A comparison
performed between the mechanical test results shaivat dough is stiffer than
gluten at Small Amplitude Oscillatory Shear (SA@&ts, namely shear strain sweep
and shear frequency sweep tests. However, in ldefermation tests, namely
uniaxial tension and simple shear, the dough sstas curves cross over the gluten
curve at larger deformations. On the other handgxiel compression test results
showed that the stress-strain curve of dough isydwhigher than gluten, indicating
that possibly no considerable damage occurs uraepession. This is supported by
the Cryo-SEM observation of dough when compressadually, where damage in
terms of debonding is less apparent. Finally, lerfinatrix debonding concept by
Meddad and Fisa [1997] for polymeric materials vpaeposed to represent the

mechanical behaviour of wheat flour dough.
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Chapter 5. Rheological and Micromechanical M odelling of

Wheat Flour Dough

5.1 Introduction

Baking performance and quality of bread are strpmigipendent on the mechanical
behaviour of dough. Even though wheat flour douglta isimple mixture of wheat
flour, salt and water, its mechanical behavioucamplex, as shown in Chapter 4.
Two major components of wheat flour dough that bedieved to influence the

viscoelastic properties of dough are starch anteglfAmemiya and Menjivar 1992].

The interaction between starch and gluten can baeltenl as a composite material,
where starch is modelled as a harder filler anteglas a softer matrix. However the
experimental study on the stress-strain behavidbutoogh and gluten showed that
gluten is stronger than dough at large strain, iasudsed in Chapter 4. This is in
contrast with the composite material theory, wharéhe case of a stiffer filler, the
composite material is expected to be stiffer thanmatrix. It is believed that the
reason for this is due to damage or debondingeftarch-gluten interface [Meddad

and Fisa 1997].

This chapter investigates the mechanical behawbdiough, gluten and starch. The
possibility of damage at the interface betweendtaech and gluten is investigated.
This is performed by using a two phase (starchgiuigtn) composite material model
and comparing the model predictions to experimestadss-strain data for dough

tested under various loading conditions.
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5.2 Lodge Rubberlike Model

Dough has been shown to behave like a criticabgelarious researchers [Gabriele
et al. 2001; Nget al. 2006; Lefebvre 2006; Migliori and Gabriele 201@nheret al.
2008; 2011a]. A critical gel material can be moellusing the Lodge rubberlike
model [Lodge 1964], based on the study by Wintet @hambon [1986] and Winter
and Mours [1997]. Discussion on the critical geltenals is provided in Section
2.3.3.3 in Chapter 2. Under uniaxial tension, thedde rubberlike model is
approximated as (Equations (3.32) and (3.34) inp@wa3) [Ng and McKinley

(2008)]:

o,-0, =o=G1)e"e™" [exp( Z)+ (11+_2nn) £- ]}

where ¢ is strain rate and is log or Hencky straing,, ando,, are referred to as

the axial and radial stresses in a cylindrical Bpen respectively. The above
equation is also used for uniaxial compressionit@atbo, where a negative strain is

used to indicate compressive strain.

The shear stress;, under simple shear loading is (Equation (3.48Chmapter 3)

[Tanneret al. 2008; Ng and McKinley 2008]:
;=G o
1-n

The stress relaxation constagt1) and power law constant,, are determined from

small amplitude oscillatory shear (SAOS) tests ftein sweep and frequency sweep

tests), following the procedures in Taneeal. [2008] and Ng and McKinley [2008].
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The strain sweep tests were performed at 1 Hz lamdesults are shown in Figure
5.1(a). This is similar to the results shown inUfey 4.23(a). It is observed that a
strain amplitude of 0.1 % is within the linear stastic region of dough. The
frequency sweep tests were therefore performedla8® Hz and 0.1 % strain. The
data are shown in Figure 5.1(b), which is similarthe results shown in Figure
4.23(b). The storage and loss moduli plots are @ggmoximated with a power law

such that (Equation (2.20) in Chapter 2):

G(t)=GO«, G'(t)=G"AS
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Figure 5.1. SAOS test results of dough: (a) stsareep tests in the shear strain range

of up to 100 % at 1 Hz; and (b) frequency sweep hb6 shear strain at 0.1-30 Hz.

Therefore t