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ABSTRACT

Many soft food materials, including vegetable skoirig, exhibit complex rheological
behaviour with properties that resemble those siflal and a liquid simultaneously. The
fundamental parameters used to describe the rhiealagsponse of vegetable shortening
were obtained from uniaxial compression tests, ugiclg monotonic and cyclic
compression, as well as creep and stress relaxtgis. The fundamental parameters
obtained from the various compression tests weza tised in two mechanical models
(viscoelastic and elasto-visco-plastic) to prethe compression and conical indentation
response of vegetable shortening. The accuratlyeofwo models was studied with the
help of the commercially available finite elementlysis software package Abaqus. It
was determined that the viscoelastic model wassndtble for the prediction of the
rheological response of shortening. On the otlaadhthe proposed elasto-visco-plastic
model predicted with reasonable accuracy the uaiacompression and indentation

experimental response of vegetable shortening.



CHAPTER 1: GENERAL
INTRODUCTION



1.1.0 General Introduction

Vegetable shortening and many other semisolid faaasbe classified as particle gels,
since they consist of a network of weakly bondedigas comprised of solid lipid
crystals suspended within a fluid (primarily liquidids) (Rzepiela et al, 2002; Kloek et
al, 2005). Vegetable shortening is an importagtadient in the food industry; its uses
include providing structure, lubrication, aeratiemulsification and moisture retention to
a great variety of baked goods. In addition, it lhemeficial heat transferring uses
particularly when used as a frying agent (O’'Brid®98). The main ingredients of
vegetable shortening are liquid oils and solid feasn different sources. The choice of
the type of oils and fats used, as well as themagfe and processing conditions affect the
structure of vegetable shortening and as a consegquts rheological properties and final
applications (de Man et al, 1992; Schaink et al0720 Measuring the rheological
properties of shortening is an important methodetermining the quality and possible
applications of the different types of vegetablersdning (Steffe, 1996; Afoakwa et al,
2008). The rheological response of shorteningyitts other materials, can be measured
by instrumental methods classified into two majategories: empirical and fundamental
tests. Empirical tests are more commonly usetierfaod industry for the simplicity and
economy that they provide. However, empirical md8hdo not provide rheological
results in fundamental units and therefore they difécult to compare with other

empirical tests (Anand, 2001).

Indentation is one of the preferred methods of mag the rheological response of

shortening because it is generally inexpensive, stamdard specimen is required,



measurements can be done on highly localized regiad the results are less dependent
on the geometry of the specimen (Anand, 2001; Huzingl, 2002). Quality control
parameters for the shortening industry can be dérixom indentation measurements; an
example of a quality control parameter is the retathardness obtained from cone
penetration, which can be used to determine whethsggecific shortening has the right
quality for a particular application (Metzroth, Z)0O Even though indentation tests are
very simple to perform, the results are not easynterpret due to the non-uniform
application of forces to the specimen under theember. Because of the complexity of
indentation results it is difficult to derive fundental parameters from them and
therefore indentation results are generally intigd empirically (Huang et al, 2002; Goh
et al, 2004a). So if indentation is to be useddébermine mechanical properties in
fundamental units, it is necessary to know the erogs of rheologically complex
materials such as shortening in fundamental paemeefore an attempt can be made to

measure such parameters from indentation.

The rheological response of vegetable shortening lba described by measuring
fundamental material properties, which are indepahdf the measuring method (Steffe,
1996). Vegetable shortening is a very complex ratshowing a rheological response
that combines the behaviour of a solid and a liguitierefore, the fundamental material
properties used to describe the rheological belawbvegetable shortening include the
modulus of elasticity, Poisson’s ratio, yield sfiewiscosity, relaxation time, creep

compliance, retardation time and relaxation tinféince these fundamental parameters



are independent of the measuring method they carséx in mechanical models, such as

the elasticity, plasticity and viscoplasticity etjoas (Menard, 1999).

Fundamental material properties can be obtained &wariety of mechanical tests; some
examples include simple shear, triaxial tension amdxial compression (Steffe, 1996).
The first part of the current research was dedittdeobtaining the fundamental material
properties of vegetable shortening from a varidtyroaxial compression tests. Uniaxial
compression tests were chosen because they aréesimperform, their results are
relatively easy to interpret, and Universal TestiMgchines are commonly available
(Gunasekaran and Ak, 2003). Fundamental matesiapeters, such as the modulus of
elasticity and yield point, can be extracted fromnmionic and cyclic compression, while
the remaining parameters, the time-dependent paeasnean be obtained by performing

compressive creep and stress relaxation tests.

Ascertaining correct values for the fundamental maeccal properties of vegetable
shortening can be affected by how the compres@eshis carried out. An example of
artefactual effects is the presence of frictiorfeéats (Charalambides et al, 2001). Also
for many complex materials, the rate at which caspion tests are performed can affect
the values of the fundamental mechanical propertiessured (Meyers and Chawla,
1999; Goh et al, 2005). Therefore it is importangtiantify the frictional effects and the
rate-dependent behaviour of materials, especialycbmplex materials, like vegetable
shortening, which show rate-dependency in theioldgcal response (Goh and Scanlon,

2007). Once the fundamental properties of vegetabhbrtening are known and the rate-



dependency behaviour is characterized, this infaomacan be used in mathematical
models to predict the indentation response atrdifferates and so attempt to measure the
fundamental parameters of vegetable shorteningttirffom indentation measurements,
thereby turning indentation from an empirical towmlto a means of providing

measurements of mechanical properties in fundarenits.

One of the major objectives of this research wadeteelop and test the accuracy of the
mathematical models developed. Due to the rhecddgiomplexity of the indentation
response of vegetable shortening, testing the acgwf the developed model requires
the use of numerical solutions using the finitemedat method. The finite element
method is used to solve complex problems by digdime solution region into smaller
sub-regions, called finite elements, for which #@ution can be approximated (Rao,
1982). Many commercially available software pads@re currently available in the
market that can implement the finite element methad the solutions of complex
mechanical problems; for this current researchegetofbaqus was selected due to its

wide material capability and its ability to be ausized (Abaqus, 2008).

In summary, the two main objectives of the curreesearch project include the
measuring of the fundamental material propertiegegfetable shortening with a variety
of uniaxial compression tests, and the developrokatconstitutive model for shortening
that is able to predict the indentation responsestafrtening with the help of the

commercially available finite element analysis w@ite package, Abaqus.



CHAPTER 2: LITERATURE
REVIEW



2.1.0 Introduction

Particle gels are formed by a network of weaklydsxhparticles surrounded by a fluid.
The bonds between the particles are of severabtgpd have different energy levels, but
it is current thinking that the particles are bamhgimarily with Van der Waals forces
(Kloek et al, 2005). Many semisolid food productncbe considered particle gels,
including vegetable shortening. Vegetable shonigns a major ingredient in baked
goods, and is also used as a frying agent. Its mummeapplications in the food industry
greatly depend on its rheological properties, wlanth a reflection of its composition and
structure after processing. Understanding andigiied the rheological properties of
vegetable shortening would be of great utility he food industry because it could help
in the development of new products with differamdtionality or improve the quality of
existing products and the efficiency of the mantufang process. A powerful tool in
understanding and simulating the rheological respoof complex materials, such as
vegetable shortening, is the finite element metfde purpose of this literature review is
to provide the background information necessarydéfine a model to simulate the

rheological response of vegetable shortening usiadinite element method.

2.2.0 Lipid-based Particle Gels

In particle gels weak forces maintain the solidifythe solid network and the network is
interpenetrated by a suspended fluid (Rzepield &082). The solid matrix in gels holds
water, lipids, sugars, flavours and other ingreienseful in a great number of
applications (Xiong et al, 1991). Many materials grkat industrial importance are

particle gels including paints, drilling muds, @itlal ceramics, some personal care



products, and many food products (Yanez et al, 1@®¢h and Scanlon, 2007). Of
special importance to the food industry are lipisaining particle gels which include a
great number of semisolid foods such as chocolatgter, yogurt, margarine and

shortening (Lucey, 2002; Goh and Scanlon, 2007gTard Marangoni, 2007).

2.2.1 Structure of Lipid-based Particle Gels

The structure and the functional properties of ®add materials are determined by the
physical state of their components. For example téxture of chocolate and margarine
are determined by the physical phase of their lgochponents. At a given temperature
the lipid components of lipid-based particle gets jpresent in either liquid or solid phase;
a balance between the liquid and the solid statéhit controls the crystalline structure

of lipid-based particle gels (Duval et al, 2006)pid-based particle gels possess a
network consisting of weakly bonded fat crystalsaaged into different shapes that
provide solid-like behaviour to the mixture of sband liquid components (Awad et al,

2004).

Structurally, lipid-based particle gels are simitarcrystallized colloidal gels; in both

types of gels, crystals of different sizes (2 t® pdn) aggregate and grow into clusters,
these clusters aggregate forming microstructurbsdcfiocs and finally the flocs arrange
themselves in a three dimensional network (Tang Madangoni, 2006); a schematic

representation is shown in Figure 2.1 (Tang andaligoni, 2007).



The manner in which flocs bind to each other by gan Waals forces to form a three-
dimensional network is very important in determgithe rheological properties of
particle gels. Current thinking suggests that titerfloc links carry most of the stress
load and the failure of such bonds limits the étastgion of particle gels (Awad et al,

2004; Goh and Scanlon, 2007).

Cluster

E===—pu =
Single X -
crystallite

Bulk fat

Figure 2. 1 Structural hierarchy of lipid gels (atid from Tang and Marangoni, 2007)

Flocs forming the fat crystal network have differehape, size and strengths; as a result
the network cannot be considered homogeneous. Hakest flocs will act as stress
concentrators when the crystal network is subjeaeformation (Tang and Marangoni,
2007), and the area around these weak flocs icriystal network is probably the place

where fractures can originate after large deforomstiKloek et al, 2005).
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2.3.0 Shortening

The term shortening was originally used to desctilgefunction performed by solid fats
such as butter and lard on baked foods (SenanayadkeShahidi, 2005). Shortenings
inhibit the formation of long gluten strands in vakased doughs and possess a high
level of stability at elevated baking temperatufiegsvinenko et al, 2002). Shortenings
are important industrial food ingredients becausi@ir low cost of production, no need
of refrigeration for storage, and desirable funwlilocharacteristics. These almost 100%
fat products offer special functional utility to Kmag, confectionary and cooking
applications (Ghotra et al, 2002) because theyigeostructure, improve shelf life and
texture in baked goods and confectionary and whssd s frying agents they offer a

stable heat transfer medium.

Shortenings are a very important ingredient forlihk&ing industry; they comprise from

10 to 50% of many baked goods (O’Brien, 1998). rimings are commonly used in

dough and batter formulations where the fats nedaetmixed with other ingredients at

room temperature. The texture of breads, pasaimes other baked goods is greatly
affected when using shortening; breads, pastrigscaokies become tender, flaky and
fluffier when shortening is used in their formutati(Tecstra Systems, 2007). Shortening
affects the properties of cake batters by improwaegation since shortening contains
evenly distributed air or nitrogen cells, so tha take batter will rise more. Staling can
be retarded by using shortening in baked goodsusecshortening separates starch from
coagulating protein that otherwise will stick tdget to give the sensation of hardness

and toughness when chewed (Dogan et al, 2007)rte3tog has also a lubricating effect
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that provides moisture retention for shelf life mypement and smoother mouthfeel

(Dogan et al, 2007).

Besides their use in baked goods, shortenings sed as frying or cooking agents
because they allow for quick, uniform heat transdering cooking and help in the
formation of a moisture barrier on the fried fo@hptra et al, 2002). Shortenings have a
higher frying stability due to their lower conteoit unsaturated fatty acids, so that the
oxidation rate of the frying oil is decreased (Claoel Min, 2007). Frying shortenings
differ from all-purpose shortenings because theytaao a higher amount of additives to
increase stability such as antifoam (silicones) antdoxidant (BHA, BHT, PG, and
TBHQ) agents; therefore frying shortenings havded#nt functionality and can have
adverse quality effects when used in food prodsoth as baked goods (O’Brien, 1998;

Choe and Min, 2007).

In this literature review the term shortening refén processed vegetable fats and oil
products that affect the stability, flavour, staraguality, and texture of food, as well as
its visual appearance by providing structure, kddion, aeration, emulsification, and
moisture retention. Shortening also refers to tikdase heat transfer medium used in

cooking and frying (O'Brien, 1998).

2.3.1 Composition of Vegetable Shortening

The main ingredients in shortenings are vegetaitdeand solid fats. The composition of

such oils and fats plays an important role deteimginthe physical properties of
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shortening, such as its structural and thermal debha At the same time the structural
behaviour depends on the fatty acid compositiondisibution on the glycerol of each

single lipid (Schaink et al, 2007).

Vegetable edible oils, like the ones extracted fiamm, soybean, cottonseed, sunflower,
canola and palm, are the main ingredient in vegetsiiortenings. These oils are mainly
(95-96%) composed of triglycerides. Minor amountsnmno- and diglycerides from

incomplete triglyceride biosynthesis or products rofdrolysis are also present in
vegetable oils. Other minor lipid constituents coisg tocopherols, phytosterols and
their fatty acid esters phospholipids, free fattida, fatty alcohols, waxes and long chain
hydrocarbons (Andrikopoulos, 2002). Processing l@edding several vegetable oils is
necessary to obtain shortenings with the requivedtfonality and quality. The simplest
shortening consists of a fully hydrogenated fantedl with liquid oils; these products
are marketed as “all-purpose” shortening and arergdly suitable for pan frying and

baking operations at home. Other shortenings wittaroier qualities and greater
resistance to oxidation generally include emulssfiand other ingredients such as

antioxidants (Martini and Herrera, 2008).

In the USA, the main liquid vegetable oil used floe manufacturing of shortenings is
soybean oil due to its high availability. A fullytirogenated fat is added (5 to 10%),
which in the past used to be made mainly from pailm However due to the bad image
of palm oil in the USA, shortening manufacturersénaeen forced to replace hard palm

fat with cottonseed hard fat, even though hard piarproduces a more stable crystal
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network and replacing palm with cottonseed fat duzsdecrease the total saturates plus
trans fatty acid content (deMan et al, 1992), componeht&t are associated with

cardiovascular disease.

In Canada, the most abundant vegetable oil is eaabland after hydrogenation it is
widely incorporated into shortenings as the maifidsengredient. However, it is

generally mixed with hydrogenated soybean or palrherause hydrogenated canola oil
alone tends to form a coarser crystal structure ithandesirable for many applications

(deMan et al, 1991).

The fatty acid composition of shortenings is highdyiable due to the differences in the
sources of fat, processes and desired final apjgitsasuch as bakery, ice cream, and
chocolate coating (Alonso et al, 2002). Table shtws the composition of major fatty

acids in some vegetable shortenings produced iadzaand the USA.

Table 2. 1. Composition of major fatty acids in sorNorth-American vegetable
shortenings (deMan et al, 1992)

. ——
Oils in Major Fatty Acids (%)
shortening 16:0 18:0 18:1 18:2 Trans

Saturates
+ trans

Soy-palm  14.0-16.1 10.9-11.2 42.8-46.9 25.9-26.7.4-13.4 40.6-44.3

Soy-

13.2-13.6 7.1-115 42.2-456 30.0-30.2 20.3-21.0.0-45.7
cottonseed

Canola-

11.1-11.3 10.5-10.8 64.5-66.2 8.2-9.5 18.5-37.3 6-40..7
soy- palm
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By looking at Table 2.1 one can see that, dependmthe type of vegetable oil used in
the formulation of vegetable shortening, the peimges of major fatty acids vary

considerably.

In some cases emulsifier agents, such as saturdigclylglycerols, unsaturated

diacylglycerols, and sorbitan tristearate are adiethe vegetable oil and fat blends
during the manufacturing of shortenings. The additf emulsifier agents greatly affects
the rheological properties of vegetable shortenberause emulsifiers affect the
crystallization behaviour of fat blends by changthg type of crystals formed and by
changing the amount of crystals formed. It has &®wn that the use of emulsifiers in
vegetable shortening creates a “softer” texturemssmasured by cone penetrometer

following AOCS official method Cc 16-60 (Martini drHerrera, 2008).

2.3.2 Manufacturing of Vegetable Shortening

Shortenings are manufactured from a mixture of wosn different sources commonly
soybean, palm, sunflower, corn, cottonseed, andlaaihe choice of oils used in a
blend to manufacture shortening is more a functadnempirical experience than
scientific knowledge, but this choice affects theacmoscopic physical functional
properties of the final product (Dogan et al, 2000ther factors that affect the
macroscopic behaviour of shortenings include piogsconditions, such as rate and

degree of cooling, mechanical working and finaldarct temperature (Ghotra et al, 2002).
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During the manufacturing of vegetable shorteninggietable oil blends are solidified in
various ways, such as by using hydrogenation atetesterification, and mixed with
emulsifiers and other additives to produce a sdét at room temperature with
predetermined functionality and quality (Narine akldimphrey, 2004). The most
common solidification techniques used with vegetabils, as well as the processing
steps involved during the manufacturing of vegetablortening will be discussed in the

following three subsections.

2.3.2.1 Hydrogenation of Vegetable Oils

Vegetable oils can be solidified by converting soaiethe double bonds present in
triglycerides into single bonds. This process ¢hieved by adding hydrogen atoms
across the unsaturated double bonds of specifity¢erides with the help of a catalyst,
typically a nickel compound; this saturation pracess called hydrogenation.
Hydrogenation increases the solidity of a vegetalildy increasing the percentage of
saturated fatty acids (LaBell, 1997). Hydrogenatias been used since the beginning of
the 20" century to produce solid fats from mainly liquillso Depending on the starting
point of saturation of liquid oils and the degrdehgdrogenation, solid and semi-solid
fats can be produced. Hydrogenated oils impartrfeéss to margarines, and plasticity and
emulsion stability to shortenings (Wassell and Y@u2007). During hydrogenation not
all of the double bonds are converted into singleds, instead some are converted from
the cis orientation with both hydrogen atoms on the saide sf the plane to theans
orientation with hydrogen atoms on both sides & pane (Ledux et al, 2007); this

isomerization gives rise to the formationtcdns fatty acids which have been linked to
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cardiovascular disease (Mensik and Catan, 1990; ¢faal, 2002; Kummerow et al,

2004).

2.3.2.2 Interesterification of Vegetable Oils

The formation oftrans fatty acids during hydrogenations has encouragsdarch for
developing alternative methods to produce solicetedgle oils. One of these alternative
methods is interesterification. During interedtegition the distribution of fatty acids is
rearranged on the glycerol backbone in a randonooitrolled manner without changing
the chemical composition of fatty acids, and tlearrangement can be done chemically
or enzymatically. Interesterification is an effeettechnique that can be used to produce
fat products that are soft and spreadable as wdlleg oftrans fatty acids (Wassel and
Young, 2007). However, interesterification is hardo control and therefore is less
efficient and more expensive than hydrogenationifGG2004); also, interesterification
does not improve the oxidative stability of fat amds in the same way that

hydrogenation does (Basturk et al, 2007).

2.3.2.3 Processing of Vegetable Shortening

Processing steps, such as mechanical working angkrsooling during the
manufacturing process of shortening, are equallyontant in determining the physical
properties and performance of shortening as areddsggn of the oil blend and the

solidification process of such oil blends (Ghotrale2002).
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The basic industrial shortening manufacturing pdoice starts by weighing hard and
liquid oils as well as other ingredients thoughedes of scale tanks or mass flow meters.
Once all the ingredients are measured they aredated into a feed tank where they are
thoroughly blended. Nitrogen is injected in preat®ntrolled quantities, normally 12 to

14% by volume, into most shortenings to increasekallity and provide a creamy and

white appearance (O'Brien, 2005). Then the mixiaretroduced to a scraped surface
heat exchanger, typically called Unit A, wheresitquickly cooled down so that a super-
cooled oil is formed. Super-cooling is importantdrder to start crystal nucleation for
the formation of fine crystals or th& polymorphs. The super-cooled mixture then
passes through a working unit consisting of a nunobgrojecting fingers on a rotating

shaft commonly known as Unit B. Unit B is used pftasticize and control the

crystallization process of the product. Later fitesticized material is homogenized by
passing through an extrusion valve and the proguptickaged in bulk or into smaller

consumer packages. After packaging many produeenpdr shortening for 1 to 10 days
at temperatures slightly higher than the packagergperature. During tempering the
crystals transform to the preferred and more stpblgmorphic form; lack of tempering

produces shortening with undesirable functionalpproes (Ghotra et al, 2002). The
quality of shortenings strongly depends on theagterand handling conditions from the
moment the product leaves the manufacturing fgcilintil it reaches the consumer
(Martini and Herrera, 2008), and for this reasoor&nings are generally stored and
shipped at controlled temperatures between 21 @rf€2o avoid crystal change and loss
of plastic properties. Figure 2.2 summarizes thertening manufacturing procedure

(Anderson, 2005).
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Figure 2. 2. Industrial manufacturing of shortenjadapted from Anderson, 2005)

2.3.3 Structure of Vegetable Shortening after Proasing

Edible fat products, such as shortenings appednetsoft homogeneous solids, but
microscopically they are a network of very smalilstals (2 to 20@um) in which liquid

oil is enmeshed (O’Brien, 2005; Tang and Marang@006). Crystal structure is very
important in shortenings because it will deternmfunectionality and quality (deMan et al,
1991). Product attributes like spreadability, mess and work softening are at least
partially determined by the shape and size of iddizl fat crystals and also by the way

these crystals interact to form clusters, flocs a@tivorks (Heertje and Leunis, 1997).
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Shortenings are polymorphic because their major pomants, triglycerides, occur in
three crystal forms (Podmore, 2002). The threstatyforms present in shortenings are
designated as, 3 andf’. The a crystalline form is very fine and needle shaped a
forms a loosely packed and unstable network (Caateh Basilio, 2004); this crystal
form has the lowest melting point (Podmore, 200Ruring temperingx crystals remelt
and slowly recrystalize into tH# form (Reigel and McMichael, 1966), which is the@sh
desirable crystal structure for all-purpose shongs (Senanayake and Shabhidi, 2005).
B’ crystals are small, uniform and tightly knit atiterefore produce smooth textured
shortenings with good plasticity, heat resistanué eeaming properties that can be use
to make cakes and icing (Thomas, 197B)crystals are larger thgsi crystals and can
produce shortenings with sandy and brittle conscstethat results in poor baking
performance. Howevep crystals are desirable in some applications sadh pie crusts

or when used as a frying agent (O’Brien, 2005).

The source of the fat used for the manufacturinghaofrtening plays a very important role
in determining the structure of the final productcause the crystalline habit and
polymorphic form is determined by the triglyceridemposition. In a mixture of

triglycerides the individual triglycerides do noghave independently but take a totally
new character in terms of crystallization behaviRwdmore, 2002). For this reason, in
order to attain the appropriate crystalline fornegetable shortening is produced by
blending base stocks of different origin. For epén when the solid portion of a

shortening is comprised of glycerides that are Istay the 3’ form, the rest of the

glycerides present in fat system will tend to alsge in ap’ form; thus producing
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shortening with desirable characteristics. Hydnaged fat from butter oil, cottonseed,
modified lard, palm, rapeseed, and tallow tend€ristallize in af’ structure, while
hydrogenated fats from cocoa butter, coconut, colime, palm kernel, safflower, and

soybean tend to forif crystals (Thomas, 1978).

2.4.0 Quality Attributes of Vegetable Shortening

The acceptability of shortenings, like any othevdpis dependent on a number of criteria,
in particular sensory impact; perceived qualitisshsas aroma, taste, visual appearance
and texture are the reflection of the chemical pimgsical properties of their components
and how these components interact during procesgirgparation and consumption
(Kinsella, 1987). During the production of vegetab$hortening many analytical

measurements are taken in order to determine thigygaf the final product.

2.4.1 Conventional Industry Quality Indices for Vegtable Shortening

In order to obtain consistent shortenings and hgeed quality control during
manufacturing, it is important to understand thgples, and apply the processes that
influence cooling, texturizing and crystallizing éi#roth, 2005). In order to understand
and investigate the efficacy of manufacturing psscanalytical methods are required. In
the shortening industry analytical methods are ootetl to measure crystal size, colour,
solid fat content, iodine value, refractive indéixermal properties, rancidity, viscosity,

hardness, consistency and texture (Metzroth, 2005).
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Crystal size and distribution is currently measuresing light or x-ray scattering.
Information on the crystal structure and distribatican be obtained using a revolving
laser beam coupled with a computer. Crystal sig&ibution affects the rheological
properties and texture of lipid-based soft produdter example, a soft material with a
great amount of large crystals will have a largécaesity and coarser texture, as
compared with a material with small crystals, lingtits applications (Do et al, 2007).
Nuclear magnetic resonance can be used to medmuselid fat index (Metzroth, 2005),
which is the ratio of solids to liquids presentarfat at a given temperature, and this
parameter is regularly used to determine quality amctionality of shortenings. For
example, an all-purpose shortening is considereolt@ an acceptable plasticity if the
solid fat index at room temperature is between i@ 25 (Carden and Basilio, 2004).
High performance liquid chromatography and gas miatography can both be used to
determine triglyceride and fatty acid analysis (Meth, 2005). Differential scanning
calorimetry (DSC) can be used to determine the ingelbehaviour of shortenings.
Crystal form can be correlated to DSC measuremuauttshese results are not absolute

indicators of the crystalline structure (deManlefil891).

Hardness and plasticity of shortenings is measwrssdg compression devices; from
these devices a force-deformation curve is obtainditially the curve is straight,
followed by flat sections and finally a break (Fig2.3). Shortenings that are hard and
brittle have a narrow flat section which is relatedhe plasticity, and the breaking point
occurs after little deformation. Shortenings wdlger viscous behaviour and plasticity

show a curve that round off with long flat sectighietzroth, 2005).
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Figure 2. 3. Schematic force-deformation curvetiar types of vegetable shortenings

Another common method of determining hardness isdityg cone penetration; a cone of
specified mass and dimensions is dropped into apkeanthe penetration depth is
measured and the relative hardne®f the material is determined by dividing the mas

of the conerf) by the penetration deptld)((Metzroth, 2005).

-m
6= [2.1]

A soft shortening will have a smaller relative haads because the cone will penetrate
further than in a hard shortening. A shorteninghva narrow difference in relative
hardness values at low and high temperatures itedidhat the shortening possesses a
wide plastic range while very large differencesicate a narrow plastic range.
Shortenings with different applications can be oi#d by changing the formulation and
processing conditions, and these shortenings waveh different hardness values

(Metzroth, 2005).
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Many of the conventional quality indices used by shortening industry are empirical in
nature and depend on the utilization of a particoaasuring device; this is the case, for
example, of hardness as measured by cone penetrafdternatively, the quality of

shortening can also be quantified by measuring dmrehtal rheological properties. In
theory, fundamental rheological properties are petelent of the instrument which is
used to measured them so different instruments ppdduce the same results for the
same product (Steffe, 1996). Parameters sucheasnddulus of elasticity, Poisson’s
ratio, and yield stress are considered to be fuedd#ah rheological properties that apply
to all solid materials. These and other rheoldgicaperties will be discussed in detail in

the following section.

2.5.0 Rheological Properties of Materials

Rheology is a part of mechanics that studies tHeramation and flow of matter that
occurs as a response to an applied stress or .strAlh materials have rheological
properties and therefore rheology is relevant imynfields of study, including Food
Science (Steffe, 1996). In lipid-rich food prodicincluding vegetable shortening,
rheological properties are a direct result of thenposition and structure of the product
and the processing and storage conditions thatst been subjected to. Therefore,
understanding and measuring rheological propecheshe used to improve the quality of
final products and improve the efficiency of thenuatacturing process (Afoakwa et al,

2008).
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The type of rheological response that is obsenakdds on the physical state of the
material (liquid or solid). If the material is vwed as a solid then rheological properties
such as the modulus of elasticity, Poisson’s ratid plasticity can be used to describe its
deformation behaviour. If the material is viewedaaliquid, properties such as viscosity
will be very important in describing its rheolodidsehaviour. However if the material

shows characteristics of a liquid and solid atdame time, viscoelastic parameters such
as creep compliance, relaxation modulus, relaxaiwh retardation time, as well as loss
and storage moduli become the parameters usedsiiloke its rheological response

(Steffe, 1996).

2.5.1 Modulus of Elasticity

The elasticity of a material can be quantified gdime modulus of elasticity or Young’s
modulus. The force required to deform a matergad be measured during rheological
tests. From the measured force and deformatioesssind strain can be calculated. If
the deformation is small and within the elasticdoagf the material, stress and strain can
be approximated by the engineering stregg) @nd strain &) using the following

equations:

o, = [2.2]

F
A
lh=H| _ah

fg=——=— 2.3
T [2.3]

whereF is the reaction force exerted by the specimen emtbasuring devicd is the

initial cross-sectional area of the specimidnis the initial specimen height, ahds the
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current height which is equal to the initial heighf) minus the current deformation of

the specimengh).

If the specimen is subject to a large deformati@nttrue, or Hencky, strain)(@nd stress
(o) should be used to calculate the modulus of elastiather than the engineering stress
and strain. Equations [2.4] and [2.5] show how ¢kgnstress and strain can be

calculated respectively for a specimen (Charalasthét al, 2001),

_F

J_Z [2.4]
| h

E= Inﬁ‘ [2.5]

whereAis the cross-sectional area of the specimen afterce F) has been applied to it
andh is the current height which is equal to the omdjiheight H) minus the current
deformation of the specimen (or plus the defornmatfcsubject to tension). Measuring
the actual value oA is not an easy task; therefore true stress is teagélculate. An
approximation of the true stress can be obtaingtafmaterial is assumed to have no
change in volume when deformed by stresses, he.ntaterial is incompressible; this
assumption has been used for food materials lileesd# dough, shortening, butter, and
margarine (Charalambides et al, 1995; Charalamietied, 2001; Charalambides et al,
2006; Goh and Scanlon, 2007). Assuming incom i) stress at large deformations

of a cubic specimen can be calculated using equi2ié]:

[2.6]
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whereL is the original side length of the cubic specinam other parameters are as

previously defined.

Once the stress and strain are calculated, theypearsed to determine the modulus of

elasticity E) as shown in equation [2.7] (Steffe, 1996; Ribeital, 2004):

g

E=" [2.7]

The modulus of elasticity is an important paraméteat describes the deformability of a
food material, and is related to the sensory atteib of such a material when one deforms
it in the mouth (Narine and Marangoni, 2000). Moeing’s modulus is a measure of the
resistance to strain of a material. A small vall& means that a small stress produces a
large deformation in a material, while a higheruealof the modulus of elasticity
corresponds to a higher material stiffness (Whit@99). The Young's modulus is
usually calculated from the initial linear partafstress-strain diagram (Figure 2.4a), but
for highly non-linear stress-strain diagrams it cenexpressed as the 5% strain secant

modulus (Figure 2.4b) as done by Charalambidek(&085).
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Figure 2. 4. Schematic stress-strain curve showowgto calculate (a) the Young's
modulus and (b) the secant modulus at 5% strain

2.5.2 Yield Stress and Plasticity

The linear proportionality of stress and strain agm only if the stress is less than a
certain value, a value that is referred to as thklstress (Narine and Marangoni, 2000).
The vyield stressof) represents the amount of stress required to capesmanent
deformation in a given material. In other word® tyield stress marks the end of the
elastic region of a material (Figure 2.4a). Whealohg with a perfectly elastic material

no yield stress will ever be reached because afgrrdation is reversible in this type of



28

theoretical material. However most real materige a yield point that, once exceeded,
causes a permanent strain, and when the stressicved the material remains deformed

(White, 1999).

The yield stress is one of the most important nmeopic properties of economically
important food products like chocolate, butter ahdrtening, since it strongly correlates
to the sensory attributes of hardness and sprdagabs well as to material stability
(Marangoni and Rogers, 2003). However, the detatidn of the yield stress for a soft
food material is a difficult task, since many fowterials show rate-dependency. Rate-
dependency is observed when a high loading ratdupes a different value of the

apparent yield stress as compared to a lower Igadite (Marangoni and Rogers, 2003).

Many plasticmaterials also have an elastic region at low strammd for this reason they
are called elasto-plastic materials. In the ptasggion the total strain incremenl] is
the sum of the elastic strain incrememf) and the plastic strain incremenls() (Yu et
al, 2006):

de =de, +dg, [2.8]
The initial yield point §y;) differentiates the elastic and the plastic regi¢¥iu et al,
2006). After a material has been deformed beytndhitial yield point, the subsequent
deformation is also affected by a behaviour knowsteain-hardening (Dasgupta and Hu,
1992). So it can be seen that the fundamental elesmad plastic deformation include
initial yielding of the material, strain-hardeniagd subsequent yielding (Bulatov et al,

2006;Yu et al, 2006).
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Plasticity of crystalline materials, such as vefktashortening can be explained on the
basis of mechanisms at an atomic or molecular leietrystalline materials, the primary
units are organized in uniform planes. During éastrain deformation, slip occurs which
implies that one plane is sliding across a neighhbguplane. Once slip occurs the
primary units cannot return to their original pusit causing the deformation to be

irreversible, i.e., plastic deformation (de Wit0B).

Defects in a perfect crystal are called dislocatiand during plastic deformation these
dislocations can move (Gottstein, 2004). During finst stage of plasticity, right after
the yield stress is reached (Figure 2.5 stageis)ochtions on primary slip planes can
move long distances and even reach specimen baesdaks the deformation continues
secondary slip planes develop; these secondarylslies also have dislocations, which
can move along the secondary slip planes in diitedirections than the primary
dislocations. Secondary and primary slip planes @arlap at certain points, so it is
possible for the primary and secondary dislocatimngteract with one another. The
interaction between primary and secondary dislooatcauses immobility of some of the
dislocations. For each immobile dislocation anoth®bile dislocation has to be
generated in order to maintain the applied strate (during uniaxial compression for
example). In order to maintain the strain ratestamt, the internal stress has to increase
more rapidly to allow the development of new mollilocations; this behaviour is what
causes strain hardening (Figure 2.5 stage Il) ystalline materials. During the third

stage of plastic deformation (Figure 2.5 stage thg rate of strain hardening starts to
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decrease. The decrease in hardening rate isddlatie formation of dislocations that
do not have a defined sliding plane and can chémgje sliding plane; these dislocations
are called screw dislocations. Screw dislocatimmgl to avoid interactions with other
dislocations by changing sliding planes, so thay m@ve long distances and eventually
reach the specimen boundary. However, during dlagine generation of dislocations
occurring in stage Il is still taking place; theyed strain hardening is still possible but to

a lesser extent (Gottstein, 2004).

i Stage Stage Stage

Stress

Strain

Figure 2. 5. Schematic stress-strain diagram sthgtiree stages during plastic
deformation (adapted from Gottstein, 2004)

2.5.3 Poisson’s Ratio

When a material is compressed in one direction foyee ) from original height id) to
a final height ) it tends to get wider in the other two directioms the case of the
cylinder shown in Figure 2.6 the specimen goes faonoriginal diameter) to a final

diameter Dy). The extent of this behaviour is characterizedh®yPoisson’s ratioy).
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! ! AH

Figure 2. 6. Parameters used to calculate Poissatitsof a cylindrical specimen under
compression (adapted from Gunasekaran and Ak, 2003)

Poisson’s ratio is defined as the negative ratiwvben the strain normal to the applied

load (transverse strain) and the strain in thectoa of the applied load (axial strain)

(Hjelmstad, 2005). The negative sign indicates tina lateral dimension increases as the

axial dimension decreases under compression arel weécsa during tension. The

following equation summarizes the concept of Peissaatio for the cylindrical

specimen shown in Figure 2.6 (Gunasekaran and @032
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|:Df , D0:|
D
V=- glateral - o [29]

gaxial [h B H }
H

Most materials have a Poisson’s ratio between 6d)(a5, but there are materials with

negative values and even with values higher th&n OA perfectly incompressible
material will have a Poisson’s ratio of 0.5; rubbgran example of a material that
approximates to an incompressible solid, while c®ska common example of a
compressible solid with a Poisson’s ratio closedm. Based on energy arguments, the
theoretical allowable range of Poisson’s ratioigmtropic three dimensional materials is
-1to 0.5 (Lee and Lakes, 1997). However untilZLB8vas believed that materials with a
negative Poisson’s ratio were non-existent. Negatalues for Poisson’s ratio have been
reported in specially-constructed polymeric and atiet foam structures (Lakes, 1987,
Friis et al, 1988; Choi and Lakes, 1992) and Paoissoatio greater than 0.5 were
reported for specially-manufactured open-cell padyliane foams (Lee and Lakes, 1997).
Most biological materials including food have a $3oin’s ratio between 0.2 and 0.5

(Steffe, 1996).

The Poisson'’s ratio is one of the four common &asinstants and can be used to relate
the modulus of elasticityH) to the shear modulu§) and to the bulk moduluk). The
latter two moduli describe the change in dimensiohsaterials under shear stress and
hydrostatic pressure respectively, by the followeogiations (Ferry, 1970):

E=2G@1+v) [2.10]

E=3K(@1-2v) [2.11]
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and for a perfectly incompressible solid (Ferry7Qp

E= 3G [2.12]

2.5.4 Liquid Parameters

In previous sections the material parameters thatuged to describe the rheological
response of solid materials have been discusseter @arameters are used to describe
the rheological response of liquids. When a fascapplied to a liquid, flow starts to
occur. The Newtonian model is used to characteénedlow of many liquids. Flow of a
liquid material is dependent on the rate at whichis is applied to it; therefore liquids
are rate-dependent materials. Newton definedttieessstrain rate relationship using the
dashpot as a model, which consists of a plungdr svitall holes through which a fluid is
forced through; an example of a dashpot is a Fretaffiee pot (Bodum) or an
automobile’s shock absorber. As the stress isieghphe material starts to slowly flow
through the holes and the speed at which the flowis through the holes (i.e., strain rate)
increases with stress. For a Newtonian fluid thésease is linear and is summarised by
the following equation (Menard, 1999):

o =né [2.13]
where the stresgj is related to strain rate£( through viscosity ). For a Newtonian
fluid the viscosity is independent of the straiterand is the slope of the stress-strain rate
curve (Figure 2.7 curve (a)). Examples of Newtorflaids include water, tea, coffee,
beer, carbonated beverages, filtered juices, edildde sugar syrups, most honeys and

milk (Bourne, 2002). However, most food materiate non-Newtonian; therefore their
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stress-strain rate diagrams are not straight len&s their viscosity is not a constant
independent of the strain rate (Menard, 1999)habéquation [2.13] becomes:
o=n(&)é [2.14]

For many non-Newtonian fluids, as the strain ratereaases their apparent viscosity
decreases; liquids that behave in this manner a@tedcpseudoplastic or shear thinning
fluids (Figure 2.7 curve (b)). Common exampleps#udoplastic fluids include ketchup,
whipped cream, latex paint and polymer melts. d¢mti@ast, liquids for which the
viscosity increases with increasing strain rate @abed dilatant or shear thickening
(Figure 2.7 curve (c)) (Bobhme, 1987). At low to dmeoate strain rates, it is more
common to encounter liquids showing pseudoplagti@biour, but at very high rates it is

more common to observe shear thickening behavishawn Figure 2.8 (Faber, 1996).

Stress
N

\
v

Strain Rate

Figure 2. 7. Stress-strain rate curves for (a) evain fluid, (b) pseudoplastic fluid and
(c) dilatant fluid (Adapted from Bohme, 1987)
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Figure 2. 8. Stress-strain rate curves for a filnidwing pseudoplastic and dilatant
behaviour at different strain rates (Adapted frombé&r, 1996)

2.5.5 Viscoelastic Parameters

Most food materials are not ideal and are straie-l@pendent because of their liquid and
solid components, making them viscoelastic mate(idinsella, 1987). The viscoelastic
behaviour of materials can be modelled by a sysiEoonnected springs and dashpots
(visualized as pistons moving in oil). When a 8gris connected in series to a dashpot a
Maxwell model is formed (Figure 2.9a), and when s$peng is connected in parallel to
the dashpot, the model is called the Kevin-Voigtdelo(Figure 2.9b). The spring
represents the elastic component of the respordnstantaneously deforms upon the
application of a load and immediately relaxes upfenrelease of the load. The dashpot
represents the viscous component that increasestimé as long as the load is applied.
In the case of the Maxwell model; the dashpot isna@ently displaced by the applied

load.
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(@) Spring Dashpot

R AAVAY

Figure 2. 9. Basic (a) Maxwell and (b) Kelvin-Voigjements consisting of a spring and a
dashpot

For a Maxwell element the total stress is the samthe stress acting concurrently on the
spring and on the dashpot, but the total stranig a summation of the strain on the
spring &) plus the strain on the dashpeaf)(Hiemenz, 1984):
E=E,*HE [2.15]

The strain in the elastic component (spring) isegiby Hooke’s law (equation [2.7]).
However, there is no direct expression for theirstirathe viscous component (dashpot),
only for the way the strain varies with time, whishgiven by Newton and shown in
equation [2.13]; therefore it is not possible tovelep equation [2.15] any further as an
explicit equation, but only as a differential edoat (Hiemenz, 1984). Expressing
equation [2.15] as a differential equation withpes to time ) leads to the equation of

motion for a Maxwell element of the following forf@owie, 1991; Roylance, 1996):

€-259,9 - +sd:%+% [2.16]
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whereE is the elasticity constant of the spring apds the viscosity of the dashpat,
and &, are the strain-rates of the spring and dashppeotisely, ando is the change in

stress with respect to time (Findley et al, 1988&ff8, 1996). For a Kelvin-Voigt
element the total stress is the summation of ttesston the spring and the stress on the
dashpot, but the strain is identical in both congmis; therefore, for a Kelvin-Voigt
model the stress is related to strain and straenbw the following equation (Meyers and
Chawla, 1999):

o =Ee+né [2.17]

Other parameters related to the viscoelasticityaferials include the relaxation modulus,
creep compliance, relaxation time and retardatiore.t The relaxation modulus is a
measurement of how much the stress will decayme tivhen a constant strain is applied,
while the relaxation time is the time needed far $ltress to fall te” of its initial value
when the material is subject to constant strainh lmf which can be measured during
stress relaxation tests (Roylance, 1996). Creeppbance is a measurement of how
much the strain will change with time when a constress is applied and retardation
time is the time needed to strain a sample specimeh-e, both of which can be
obtained after performing creep tests (Menard, 189®, 2007). Stress relaxation tests
and creep tests can be performed under shear, tomkpression and uniaxial
compression. These types of mechanical testing bél discussed further in the

following section.
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2.6.0 Measuring Rheological Properties

Experimental measurements of the rheological ptegseof materials are usually made
by observing external forces and changes in exteimensions of a specimen of a given
shape (Ferry, 1970). Lipid-based particle gels, fad in general, exhibit a broad range
of rheological characteristics; for this reasoragety of measuring techniques have been
developed to characterize their rheological proggrt These measuring technigues can
be classified according to the type of deformatloey apply to the sample either as shear,
uniaxial compression or tension, triaxial testsaocombination of these (McClements,

2003; Korstgens et al, 2001).

2.6.1 Shear-based Tests

Most of the techniques used to measure the rhexabgroperties of particle gels have
been shear-based (Shukla and Rizvi, 1995) becdutbe dluid-like behaviour of these
gels. Shear-based test are generally performeérpsmall strain (<5%) because small
strains do not greatly modify the original struetuof materials; therefore these
measurements can be related to the structure andise development of materials
(Gunasekaran and Ak, 2003). Simple shear defoomatccurs when two opposite faces
of an element of length are displaced by a distande after opposite forces are applied
on the faces of this element (Figure 2.9). Dusigple shear a change in shape is not
accompanied by any change in volume and this camseéul when interpreting the

mechanical behaviour of materials in molecular ge(Ferry, 1970)
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Figure 2. 10. Schematic representation of simpéasteformation

Shear can be generated by drag flow and pressivendiow. In drag flow a sample is
placed between a sliding or rotating surface andixad solid surface (tractive
displacement), so that the movement of a rigidemgrfcauses the shearing of the sample,
like in Figure 2.10. In pressure driven flow, gsare is used to force a sample to flow
through a straight channel which may be a capiltarg slit in which a sample is sheared
as it passes through the channel (Ouriev and Wimd2@02; Gunasekaran and Ak, 2003).
Shear tests are generally performed in machinésdcdieometers. Rheometers that rely
on drag flow can be used to determine a varietyatierial functions including the shear
loss G’) and storage@”) moduli, the shear creep compliandg &s a function of time,
and the viscosity 7f) as a function of shear-rate. Pressure-driveromigters are
primarily used for the measurement of viscosityhigih-shear rates (Hatzikiriakos and

Migler, 2004).
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2.6.1.1 Dynamic shear tests

Since particle gels have a viscoelastic nature msbs@r-based rheological tests are
dynamic in order to measure the frequency-depenydeffects. Some dynamic tests
consist of applying a sinusoidal simple shear, son&s called an oscillatory test,
although more often pure shear rotational displacgmare applied in oscillatory tests.
In a simple shear test a sample is placed betweerparallel plates; one is fixed while
the other one moves back and forth (Figure 2.1dra),by measuring the amplitude ratio
(stress amplitude divided by strain amplitude) dmel phase shift between stress and
strain during the harmonic deformation (Figure B)1Y¥heological parameters such as
the storage@’) and loss &”) moduli can be obtained (Ferry, 1970; Higaki et24l04;
Rao and Quintero, 2003). The storage moduluspgrameter that directly relates to the
elasticity of a material under shear, while theslonodulus relates to the viscous

behaviour after shear is applied (Rao and Quin2063).
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Figure 2. 11. Schematic representation (a) and pirogle (b) of dynamic shear test with
sinusoidally varying shear (adapted from Ferry,Q)97
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2.6.1.2 Shear Tests to Measure Viscoelastic Propied

There are two types of experiment that can be usedtudy the time-dependent
viscoelastic behaviour of materials; these expanisare stress relaxation and creep tests,
and both can be performed under shear generatddabgyflow. During stress relaxation
tests a constant shear straw) (is imposed in a short period of time into a sanpl
material and the shear stresg) (s monitored for a given amount of tim@. ( The shear
stress and the shear strain are related by theatedla modulus G(t)) in the following
manner (Ferry, 1970):

a.(t) = y,G(t) [2.18]

During a creep test, a shear stresg)(is applied within a brief period of time and is
maintained constant for a given amount of time &Hiile shear strair)(is monitored.
Similar to the stress relaxation test, the sheairstind the shear stress in the creep test
are related by the shear creep compliank®)(using the following equation (Ferry,
1970):

y(t) = o,,J(t) [2.19]

Apparent viscosity /f) of a viscoelastic solid is commonly measured gisinrotational
viscometer. The sample is placed between two synwakrotating bodies (plates,
cylinders or cones); the force that deforms thepdamaterial is defined by the applied
torque. The material exerts a resistance to thdiempporque which is related to its
viscosity; from the resistance force the shearsstoan be obtained, while the shear rate

is calculated from the rotational frequency and geemetry of the measuring device.
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The viscosity of the material is then calculatedhasratio of the shear stresg)(to the

shear rate §) (Brummer, 2006).

n=— [2.20]
y

2.6.2 Triaxial Tests

Other methods used to characterize the stressrstir@ngth behaviour of materials are
triaxial tests, also known as bulk or volumetristse Triaxial tests consist of subjecting a
sample of material to a pressure on all of its ax&y doing this the shape of the
specimen is conserved and the volume increasesoneases depending on the direction
of the pressure. The pressure is generally actiieyesubmerging the sample material
into a surrounding fluid and it is controlled by alectrohydraulic loading piston and a

pressure cell (Richter-Menge et al, 1986; Lintoalef988).

The relative change in volume of the specimen utriexial tests is called the voluminal
strain @V/V). Assuming that the hydrostatic pressu?g, surrounding the specimen is
the same on all of the axes and that the initihmanal strain,(4V/V),, is accomplished

in a very small time interval, a bulk relaxatiorstte&ean be performed. During bulk
relaxation tests the hydrostatic pressure is mlédethe initial voluminal strain by the
following equation (Ferry, 1970):

P, (t)=—(AV—Vj Kt [2.21]
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whereK(t) is called the bulk relaxation modulus, which islagous to the shear

relaxation modulusG(t), from shear-based tests.

Also as with shear measurements, if a presByiie applied suddenly and held constant
on all of the axes of the specimen, while the vauchange as a function of time is
followed, a bulk creep experiment can be performedring bulk creep tests the relative
volume change is related to the applied pressurthdygreep bulk compliance function,

B(t), as shown by the following equation (Ferry, 1970):

I\
S 0=-RBO  [222]

2.6.3 Uniaxial Compression-based Tests

Uniaxial compression tests can provide valuablermftion that relates the mechanical
characteristics of food materials with data obtdifrem sensory analysis (Di Monaco et
al, 2008); compression methods are used routimetiie@ shortening industry to measure

quality parameters such as hardness and plagtiddszroth, 2005).

Uniaxial compression tests can be carried out usiegversatile instrument commonly
known as a Universal Testing Machine; this machpievides precise control of

deformation while accurately measuring force. Avarsal testing machine has this
name because it can also be used to perform tensémaing and shear tests by using

different attachments (Gunasekaran and Ak, 2003).
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During compression tests a sample is prepareddlpim the shape of a cylinder or a
prism and it is placed between two parallel rigiat folatens on the universal testing
machine. Using this set-up produces a uniformsstra the top and bottom of the
specimen, if frictionless conditions can be achieard the specimen contact surfaces are

completely parallel to the compression platens (@laabides et al, 2001).

Compression-based tests include monotonic compressyclic compression, creep tests,
and stress relaxation tests. During monotonic cesgion tests the top platen moves
down on the top sample surface at a constant ffateawel until a certain distance is
reached (Wright et al, 2001). Cyclic compressi®isimilar to monotonic compression
with the added difference that the same specimesuligect to loading and unloading
several times. The deformation and the force asnatibn of time are recorded during
these two tests. Creep tests are performed byiagm constant compressive load to the
top platen and the deformation over time is reabrd&nd, during stress relaxation tests

the top platen is moved to a fixed distance anddhe is recorded as a function of time.

2.6.3.1 Uniaxial monotonic compression

Uniaxial monotonic compression tests have been lwidsed to study the mechanical
properties of materials and are one of the mostilaopests for determining rheological
properties of foods; the main reason for their pely is cost, since compression
specimens are cheaper to prepare than tensilenspresiand there is no need for sample
gripping and therefore they are very easy to perf@Bunasekaran and Ak, 2003). Also

for soft and brittle materials, it is very hardpepare and grip tensile specimens; for this
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reason compression tests are a better option fornsaterials such as food products
(Riviere and Castaing, 1997). However, compresgésis are affected by the friction
between fixtures and material samples (Charalarsbéleal, 1995). The presence of
friction leads to inhomogeneous deformation; if thaterial adjacent to the compression
platens is restrained from radial movement thenntlagerial appears to be stiffer than it
truly is (Charalambides et al, 2006). The useaubfitants, such as low viscosity oils, can
help reduce frictional effects. An alternativedial with friction is to bond the samples
to the compression platens using adhesives suchaa®acrylate (Casiraghi et al, 1985),
but for soft food materials such as shortening auled be very difficult to bond the

specimens without damaging them.

2.6.3.2 Uniaxial cyclic compression tests

Cyclic compression consists in loading and unlogdirsingle specimen more than one
time. This type of compression test can be usedttoly the fatigue of materials,
especially metals for which this type of loadingyéy common during their applications
(Hakamada et al, 2007). For soft materials likedfooyclic loading tests can be used to
study the onset of plastic behaviour and the amafntlasticity remaining after

compression has occurred (Goh and Scanlon, 2007).

Fatigue is defined as the progressive damage tsttheture of materials when subjected
to cyclic loading. When measuring the fatigue otemals it is common to plot the cyclic
loading results as a diagram of the stragnversus number of loading cycled)( An

important feature o&-N diagrams (Figure 2.12) is the point where theirststarts to
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increase at a faster rate, a phenomenon callearigtrmping”. Strain jumping marks the

point where fatigue of materials starts to occus&imada et al, 2007).

Strain J
jumping /

Strain

Number of loading cycles

Figure 2. 12. Strain versus number of loading «/bbe theoretical material showing
strain jumping (adapted from Hakamada et al, 2007)

The amount of elasticity exhibited by a materiakait has been subject to a specific
amount of compression can be estimated by calogl#tie unloading modulug() (Goh
and Scanlon, 2007). The unloading modulus is lihygesof the tangent to the unloading
stress-strain curve right after the load is remogedure 2.13). If the deformation is
completely within the elastic region of a matetia¢ unloading modulusE()) and the
Young’'s modulusE) will have the same values. On the other hartdefstrain is large,
causing the material to suffer permanent deformadiaring compression, the unloading
modulus will be different from the modulus of elegy, since the overall structure of the

solid is modified by the onset of plasticity (detk/i2006).
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Figure 2. 13. Schematic loading-unloading curveashg the modulus of elasticitye]
and the unloading moduluky) (adapted from Goh and Scanlon, 2007)

2.6.3.3 Compressive Stress Relaxation Tests

Stress relaxation is one of the most importantstdst determine the viscoelastic
properties of materials (Cenkowski et al, 1992)he Tbility of a material to alleviate
stress under conditions of constant strain as etifum of time is called stress relaxation
(Hassan et al, 2005). Depending on the materiabltested, different behaviours can be
observed during stress relaxation; an ideal elastaterial (Figure 2.14 curve (a)) will
reach a finite and constant stress with no strelssation over time (Del Nobile et al,
2007). A perfect elastic solid material will staik the energy input during straining and
use this energy to return the specimen to its maigshape and size after the strain is
removed (Gunasekaran and Ak, 2003). In contrastidaal viscous liquid material
(Figure 2.14 curve (b)) will instantaneously shotress decay to zero, since viscous
liquids do not store energy or have a memory af ihéial state (Del Nobile et al, 2007;

Gunasekaran and Ak, 2003). Viscoelastic solid ma#e (Figure 2.14 curve (c))
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subjected to stress relaxation tests will gradualsix and reach an equilibrium stresg) (
greater than zero, a behaviour that can be obsarnvg@rmanent gels with covalent
crosslinks (Steffe, 1996). In contrast, viscoétabtuids (Figure 2.14 curve (d)) will
show a residual stress vanishing to zero, and dars be observed in gels with non-
permanent crosslinks. This total dissipation ohistrenergy is generally very hard to
observe since the relaxation to zero occurs witimes far beyond experimental time

scales (Steffe, 1996).

[
Constant Strain

Strain

Siress
7

Time
Figure 2. 14. Stress relaxation curve for (a) easilid, (b) viscous liquid, (c)

viscoelastic solid, and (d) viscoelastic liquidgpted from Gunasekaran and Ak, 2003)
The stress relaxation experiment can be viewedasigting of two parts: the straining
stage when the material is being squeezed up &t displacement or strain, and the
relaxation stage. Ideally the straining stage khba instantaneous but in reality it takes
time, and since stress relaxation of material$fexeed by the history of deformation, the
time it takes for the material to be deformed te $ipecified strain will affect the stress

relaxation results (Gunasekaran and Ak, 2003).
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During compressive stress relaxation tests, tlesstp) and the straingy) are related in
the following manner:

o(t) = Ex ()&, [2.23]
where Eg(t) is the compressive relaxation modulus. It is intgr to note that if the
material is an elastic solig(t) is a constant and is called the Young’'s modulk)sof

modulus of elasticity (Ferry, 1970).

If the material can be considered an incompressblel, which is the case for many
food materials and polymeric systems, the compressilaxation modulugg(t)) can be
converted into a shear relaxation modulGg({)) using the following equation (Ferry,

1970):

Ga(t) =ERT“) [2.24]

Stress relaxation behaviour for viscoelastic soisdgenerally described using equations
that were derived from the generalized or discMtexwell model, using a combination
of basic Maxwell elements that are shown in Fig#®a. The mathematical
representation of the generalized Maxwell model (Releg and Pollak, 1982;
Nussinovitch et al, 1989; Hassan et al, 2005):

n

ot)=0.+> E e ) [2.25]

i=1

whereo is the stress as a function of tinagjis the equilibrium stressy is the number of

Maxwell elementsE; is the stress relaxation constant for each Maxalelhentt is time;
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andr/ is the relaxation time for each Maxwell elememhe stress relaxation constéat
represents the contribution of each of the Maxwigiments to the overall stiffness of the
material and the relaxation tin is related to the viscous contribution of each Wealk
element to the overall viscous behaviour of theemalt The relaxation timey , is

related to the viscous contribution of each Maxveddiment,s;, through the relaxation

constantf;, in the following manner (Ferry, 1970):

] ,7
== 2.26
e [2.26]
The generalized Maxwell model for viscoelastic hetar of solids can be visualized as
a spring connected in series to a dashpot and tiveselements connected in parallel to

other Maxwell elements (Figure 2.15).

E, Tn
; E> 77 :
F 44— E; m = F

[

Figure 2. 15. Generalized Maxwell model for visestic behaviour of solids (adapted
from Ferry, 1970; Gunasekaran and Ak, 2003)



51

2.6.3.4 Compressive Creep Tests

In general the mechanical properties and performafcenaterials change with time and
environmental conditions; even hard metals showe4ilependent deformations
especially when heated to temperatures beyond abalit way to their melting
temperature (lliston and Domone, 2001). For saftaterials like food, time-dependent
behaviours like creep can be observed at ambiemideatures. In a compressive creep
experiment an undeformed sample is suddenly compdet® a constant stress while the

strain is monitored within a given time frame (R2007).

Materials can be classified according to their préehaviour; for example, an ideal
elastic solid material (Figure 2.16 curve (a)) Wilve a constant strain as time passes due
to its inability to flow and a complete recoverytbe strain will occur after the load is
removed. On the other hand an ideal viscous liquadkerial (Figure 2.16 curve (b)) will
show a linear change of the strain as time passeddits steady flow and will exhibit
zero recovery after unloading (Steffe, 1996). Mosd material will show simultaneous
viscous and elastic behaviour, and for this redbey are called viscoelastic materials.
Therefore the creep test can provide valuable imédion on the viscoelastic behaviour of
food materials. In a viscoelastic liquid mater{(&igure 2.16 curve (c)) strain will
increase with time until it approaches a steadiestdnere the strain-rate is constant, in
other words, there is a linearly increasing defdiomawith time. A viscoelastic solid
material (Figure 2.16 curve (d)) will eventuallyaokh an equilibrium strain, this
equilibrium strain remains constant in time; therefthe strain rate is equal to zero

(Ferry, 1970). Viscoelastic solids and liquidslveihow a certain amount of recovery
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after the load is removed due to their ability tiore energy (Gunasekaran and Ak, 2003;

Rao, 2007).
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Figure 2. 16. Creep curve for (a) elastic solid Mibcous liquid, (c) viscoelastic liquid,
and (d) viscoelastic solid (adapted from Gunasekaral Ak, 2003)
Performing creep tests on soft solids like lipidde particle gels using a universal
testing machine is a very simple and convenientquare. The response during
compressive creep tests can be related to shedrudkdreep tests and this is important
since most of the theory of creep was developezt afiear or bulk studies on polymers
and other non-food materials. During a compresbased creep test a sudden
compressive constant stregg)(produces time-dependent strains which are relatéae
following manner (Ferry, 1970):
£(t) =o,D(t) [2.27]

where D(t) is the compressive creep compliance which is ddfias the compressive

strain divided by the initial compressive stresadR2007). During uniaxial compression

of materials a simultaneous change in volume aageloccurs and for this readd(t) is
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related to the bulk creep compliand,(which is related to the change in volume, and
also to the shear creep compliandg (hich is related to the change in shape. Since
during uniaxaial compression there is no laterakss; the following equation
summarizes the relationship between the bulk anearshiesults and the uniaxial

compression results (Ferry, 1970):

D(t) = % +% [2.28]

For viscoelastic materials such as food materiadspolymers in a certain broad range of
time scale, the volumetric creep compliari®@) is very small compared to the shear
creep compliancel(t); therefore equation [2.28] can be simplified ire tfollowing

manner:

D(t) = % [2.29]

Therefore it can be said that shear and compressieep tests give results that are
interconvertible by virtue of equation [2.29]. idtimportant to remember that equation
[2.29] is only valid for materials in which the c¢ige in volume during compression is
negligible compared to the change in shape, inrotherds it is applicable to an

incompressible material (Ferry, 1970).

Material parameters such as compressive creep @mpl D(t)), retardation time )
and biaxial viscosityr,) can be derived from creep tests and are usefigscribing the
viscoelastic behaviour of many materials and wdl defined later in this section. The
compressive creep compliand®({)) is defined as the ratio of the strain (that iarajing

with time) relative to the constant applied streshe retardation timer) is the time
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required to deform a material by approximately 682%4€?) of its total deformation

during a creep test (Menard, 1999).

In certain occasions, the results of a creep tastbe presented as a compliance-time
curve (Figure 2.17). Several parameters can bair@ust from the compliance-time
diagram such as the instantaneous compli@cevhich represents the region where the
bonds between the different structural units aretcted elastically and is the inverse of
the modulus of elasticityDp = E™). Another parameter that can be obtained from the
compliance-time curve is the biaxial complianBg)( In the long-time region the bonds
between the structural components break and float me another. The biaxial

compliance is related to biaxial viscosity) and time {) through the following equation

(Rao, 2007):
D, =L [2.30]
b
9
o
o Constant Stress
Q L / Dy
(]
LS
o /
=
=
]
3
Do

0 Time

Figure 2. 17. Schematic compliance-time curve feisaoelastic material (adapted from
Rao, 2007)
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From Figure 2.16 curve (d), one can see that reaptest is done on a viscoelastic solid,
the change in biaxial compliance will vanish toasince the material would reach an
equilibrium stress; therefore the biaxial viscosity approach a value of zero. On the
other hand, if the material is a viscoelastic lifjthe change in biaxial compliance will
have a value different than zero (Figure 2.17)esithe strain would keep increasing with
time (Figure 2.16 curve (c)) and the biaxial visgosvould also have a value different

than zero.

The creep behaviour of materials can be visualézed dashpot connected in parallel to a
spring as shown in Figure 2.9b, this is calledKb&/in-Voigt model. However, most of
the creep results cannot be accurately predictied) @ssingle Kelvin-Voigt element, and
for this reason several Kelvin-Voigt elements avarected in series to one another and
to an individual spring and a dashpot to obtairten approximation to the experimental
creep test data of many viscoelastic materialss thodel is called the generalized
Kelvin-Voigt model and it is shown in Figure 2.1&ompliancesd;) are assigned to
each of the springs to describe their stiffnesselsvéscosities ;) are assigned to each of

the dashpots.

Do

I

m 7 I

Figure 2. 18. Generalized Kelvin-Voigt model foeep behaviour (adapted from
Gunasekaran and Ak, 2003)
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The Kevin-Voigt model is summarized with the foliog mathematical expression:

t s _

D(t)=D,+—+)D,{1-e""") [2.31]

b i=1
where Dy is the instantaneous compliandethe time, 77, the biaxial viscosity of the
generalized Kevin-Voigt model arglthe retardation time of each Kelvin-Voigt element
(Gunasekaran and Ak, 2003). The Generalized Kahdigt model can be used to
simulate the creep response of both viscoelastidssand liquids by assigning the
appropriate values to the different parametersyuagon [2.31]. For a viscoelastic solid
the biaxial viscosity would have a value of zem,Fsgure 2.18 would not have the last

dashpot connected in series to the rest of theik&fvigt elements (Betten, 2005).

2.6.4 Indentation tests

Indentation tests are a convenient method of mewasihe mechanical properties of
solids; they are generally inexpensive (Huang,e2@02; Ma et al, 2003) and no standard
specimen preparation is required as with comprassind tension measurements.
Indentation is an ideal method for the evaluatibtesture in localized areas of a given
specimen and is less dependent on the geometnheofspecimen (Anand, 2001).
Indentation has proven to be a useful techniquagsessing the mechanical properties of
fragile materials such as food colloids and pastigels (Goh and Scanlon, 2007).
Although indentation tests are easy to performerpretation of their results is not
straightforward due to the complex strain field quoed by the indentation process
(Huang et al, 2002). For this reason many of &selts are interpreted empirically (Goh

et al, 2004). Depending on the material to beetbshdenters can be made of diamond,
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hard carbon steel, tungsten carbide and even ludychprs. The geometry of indenters is
also diverse, the most common ones include corfi¢gahdamme and Ulm, 2006),
cylindrical (Liu and Scanlon, 2003), prismatic (Bek al, 2006), pyramidal (Mencik,

2007), and spherical (Beghini et al, 2006).

During indentation tests the force required to pashindenter (in the food industry
known as probe, punch or die) into a material imsneed (Anand, 2001); therefore the
most important quantities given by an indentatiest tare the indentation loa#, and
penetration depthy. The results of an indentation test are genepakgented as R-h;
curve and different sections of the curve are amalyto obtain various mechanical
properties (Anand, 2001). It is customary to corsgethe indentation results into two

parameters: Hardness) @nd the indentation modulusl) (Vandamme and Ulm, 2006).

HardnessX) is defined as the maximum indentation foreg,() divided by the projected

contact area/;) (Vandamme and Ulm, 2006):

K = —max [2.32]

while the indentation modulud/] is the parameter that relates the slope of tiialipart
of the unloading curve§ with the projected contact are&;). For a conical indentevl

can be obtained with the following equation (Vandamand Ulm, 2006):

J7s

M= Y22 [2.33]

2/A
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Many equations have been proposed to relate trenfation force and the indentation
depth, but they are dependent on the geometryeofritlenter and the type of material
being tested. For example, in indentation testedgsing sharp indenters, such as cones,
the relationship between loa&)(and penetration depthn) is usually expressed as a

parabolic relation known as Kick's law:

F=ah’ [2.34]
where a is a constant depending on the geometry of thentet and the indented
material properties (Ma et al, 2003). For rateepehdent materials research has shown
that the indentation response follows equation4R(®la et al, 2003). However, for rate
dependent materials, such as viscoelastic mateti@sforce—deformation response can

be better described with a model that includesstagc response indentation and material

constants that relate to the geometry of the spatiamd rate dependent behaviours.

The static indentation response is assumed to dadh-rate dependent response of a
material. In order to study the static response ofaterial, the deforming load is applied

at very slow rates as done by Kajberg and Wikm@&072 Once the static response of a
material is obtained, it can be modified to taki iaccount the rate dependency of such

material using a power law. An example of a polaer is the overstress power law
(o =k&") in which the stressd] is related to the strain raté Y by a multiplier constant

(k) and an exponent constanw)( The two constants can be described as material

constants (Ma et al, 2003; Beghini et al, 2006; @oth Scanlon, 2007).

A model that appropriately describes the indentatiesponse of a rate dependent

material was given by Goh and Scanlon (2007) ahdstthe following equation form:
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F=F,L+C(wW)(&)") [2.35]
whereF, is the static indentation responges a dimensionless number which represents
the ratio of the indentation strain ratl Y over the fluidity of the materialé() and the

height of the specimerH], w is the overstress power law constant for a givetenal

and C(w) is an empirical function (Goh and Scanlon, 2007he fluidity (&,) is a

material property that relates the viscous behaviouthe plastic behaviour of solid
materials, a concept that was introduced by Perayri®63 (Adams et al, 1996; Tong

and Tuan, 2007; Ubachs et al, 2007).

The force-depth curve produced during indentatiestst is related to the stress-strain
curve of the material being tested, just like im@ie compression tests. However, this
relation is not as simple as with compression tekie to the complexity of the
deformation process in the indentation region. iHoentation region of the material is
subjected to multiaxial stresses with high gradiemtd large strains (Beghini et al, 2006).
As an example, the stress distribution under asfliafiace cylindrical indenter penetrating
an elastic material has been approximated by thes8onesq equation:

i [2.36]

27bVb? —r?

whered(r) is the stress at a distanc&om the center of the indentdr,is the radius of

a(r) =

the indenter andP; is indentation load. Equation [2.36] predictstttiee stress at the
center of the indenter0) has a finite value, while at the edge of the imde {=b) the

stress is infinite (Anand, 2001).
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2.7.0 Finite Element Method

The Finite Element Method (FEM) is used to find m@pgmate solutions to complex
problems by visualizing the solution region as beioomposed of many small,
interconnected subregions called finite or discrelements (Rao, 1982). FEM was
developed as means of doing structural analysigeometries that were different than
rectangles and solving complex elasticity problémeivil and aeronautical engineering.
In January 1954 Ray W. Clough presented the idat @htwo-dimensional structure
could be represented with discrete elements coedexdt more than two joints or nodes
and that this representation could be used to gmieblems in aeronautical engineering
(Figure 2.19). Later Argyris (1954) and Turneak(1956) published on the use of small
discrete elements to describe the overall behawbwimple elastic bars that could be

used in components for the aeronautical industeper and Heinrich, 1992).

/ NodeS\

«
Load ; !\ / Load

Triangular
Finite
Elements

Figure 2. 19. Simplified airplane wing divided int@angular elements (adapted from
Clough and Wilson, 1999)

In 1960 Clough coined the term Finite Element Mdtfar any analysis done on models

of both continuous structures and frame structunesleled as a system of elements
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interconnected at nodes (Clough and Wilson, 1998)owadays, the finite element
method has been generalized into a branch of apptathematics for numerical
modeling of physical systems and can be used teescbmplex problems of solid
mechanics, fluid dynamics, electromagnetism, andt lend mass transfer (Liu and

Scanlon, 2003; Roduit et al, 2005; Bermudez 2@0,/; Farhloul and Zine, 2008).

The Finite Element Method has become an esseméiplis the design or modeling of
physical phenomena occurring in a continuum of enasolids or fluids) involving
several field variables. Field variables are ptglsattributes that can change during the
course of an experiment and according to positighimva continuum of matter; some
examples include stress, strain, pressure, temyvserabd chemical potential (Trigg et al,
1999). A continuum of matter is a continuous disttion of matter in space that can be
subdivided into small elements with properties étughe ones of the entire body (Fung,
1969); if a continuum has known boundaries thes ¢alled a domain. A domain can be
an entire physical object or a portion of it degagdon the boundaries that are known.
Within a domain there are an infinite number ofusiohs to the field variables since they
change from point to point within the domain and ttumber of points within a domain
can be infinite. The Finite Element Method relasthe decomposition of the domain
into a finite number of elements for which an apjmaating function can be used to
solve for a finite number of unknown field variable The approximating functions are
defined in terms of the values at specific points @ the boundaries of elements, which
are called nodes. Nodes also connect adjacent eterae seen in Figure 2.19 (Madenci

and Guven, 2006).
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2.7.1 Steps in FEM

The Finite Element Method can be divided into sigjon steps (Madenci and Guven,

2006):
1.

2.

Discretization of the domain into a finite numbéetements

Selection of interpolation functions

Development of the element matrices or element teaps for individual
elements

Assembly of the element matrices for each elementobtain the global
equilibrium matrix of the entire domain, also knovas overall equilibrium
equations

Determination of the boundary conditions of the dom

Solution of the equations in the global matrix ajdbal vectors. Note that the
global matrix and the global vectors form a syst#mrequations that describe the

desired physical phenomena within the domain.

A simple mechanical problem consists of calculatimg stress in a stepped bar that is

axially loaded (Figure 2.20). This will be usedltostrate the steps of the finite element

method. The bar is made of a material with a maslof elasticityE, has cross-sectional

areas ofA; and A; over the lengthd; andL; and is subjected to a load R= 2nf?,

As=1n?, L= L,=10m,E=2x10 Pa, and®= 1N (Rao, 1982).
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Figure 2. 20. Stepped bar axially loaded (adaptat Rao, 1982)

2.7.1.1 Discretization

The first step in the finite element method is thecretization of the domain, or the

division of the solution region, into elements. ribg this step the domain that has an
infinite number of degrees of freedom is replacgalsystem that has a finite number of
degrees of freedom. The shape, size, number arfijea@tion of the basic elements that
form the domain are selected during the discretinastep; care must be taken while
choosing these characteristics so that the oridiody is simulated as closely as possible

without increasing calculation efforts needed ttaobthe solution (Rao, 1982).

In the example shown in Figure 2.20 the domaihéshiar and is going to be divided into
two elements (element 1 and 2) with two nodes €actie 1, 2, and 3 because element 1
and 2 are connected at node 2; both elements ke 2 their discretization). Since
the load is axial the change of nodal positionispldcementd) will also be in the axial
direction; therefore each element has only oneegegf freedom which is displacement

in thex-direction. Figure 2.21 shows the discretizationthe stepped bar problem.
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1+—» d; 4—' d 2+—> dy 3+—> ds

Element 2

Element 1

Figure 2. 21. Discretization of stepped bar into time dimensional elements; dots 1, 2
and 3 are nodes whitl, d, andd; are the potential-displacements of these nodes
(adapted from Rao, 1982)

2.7.1.2 Selection of Interpolation Functions

Once the domain has been discretized, simple fumetior the solution of each element
must be selected. The functions used to simuleebehaviour of the solution within

each element are called interpolation functionshsiunctions are formulated to act at
the nodes of each element. The most common typeeypolation functions used in the

finite element method are polynomials, because d@aisier to perform differentiation and
integration with polynomials and the accuracy oé tresults can be increased by
increasing the order of the polynomial functionev&al conditions must be met by the
interpolating functions: these functions are expedsin terms of the nodal degrees of
freedom (in mechanics the number of displacemeamdsratations that a node can have).
The nodal degrees of freedom should not change avithange in the local coordinate
system, should converge to the exact solution & size of the element is reduced
successively, and the number of unknown coeffisiamthe polynomial equation should

be equal to the number of nodal degrees of freg@an, 1982).

Since the interpolation functions do not changenfelement to element within a given

domain, each of the elements shown in Figure 2a2lbe generalized as shown in Figure
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2.22 and will be called elemerd,’ the interpolation functions are assigned to eaicthe

nodes.
< L(e) »
> di) >die)
Pe —P Elemente > Pje
Nodei Nodej
—> X

Figure 2. 22. Nodal positiond)(and loadsK) for generalized element'‘(Rao, 1982).

Notice that nodes are labelledndj but only in the element local coordinate system,

since both elements of the entire domain have waes. So for element iLis equal to 1
andj is equal to 2, but for elementids 2 and is 3
In each of the elements of the stepped bar protihenposition of each node; @nd dj)
can be thought to vary in a linear fashion as thialdoad is applied, such that a
polynomial of first degree can be used to desdhizebehaviour:
d(x) =a+cx [2.37]

wherea andc are constants. The nodal position at the lefdhside of each element
(x=0 in the element local coordinate systemjljs and the nodal position at the far end
of each elementxEL ) in the element local coordinate systemilis; thereforea=die)

and c=(dje)-die)/L. The interpolation function [2.37] can be expresseterms of the

nodal positions at each element as follows:

dj(e) 'di(e)
d(x) =d,, +L—x [2.38]
(e)
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Notice that equation [2.38] has only one unknowrtasieach node has only one degree of
freedom, which is the displacement in the horizbdiaction ), since the load is only

applied in thex-direction.

2.7.1.3 Development of Matrix for Individual Elemens

The third step in the finite element method invelwée formulation of matrices and
vectors characteristic of each element. Dependimthe complexity of the problem the
development of the matrix for each element can dmraplished by direct physical
reasoning if the problem is very simple; by theiat@onal approach if the problem can be
stated in variational form involving calculationssaciated with maxima and minima
(Mura and Koya, 1992); and, by a weighted resicdagbroach which can be used to
obtain approximate solutions to linear and nonlingaverning differential equations

(Rao, 1982).

The sample problem presented in Figure 2.20 is Isirapd the element matrix can be
derived directly from the principle of minimum pat&l energy. The potential energy of
the stepped bat)(is given by the difference between the strainrgnén element e)
and the work done by external forc¥g){

2

| =-W+3 ug [2.39]

e=1

The strain energyj of each element ' is related to the strain difference at each &f th

nodes and it can be calculated by the followinga¢igu:
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Lo

1
U =% AwEe [ (e)?dx [2.40]
0

whereAg,) is the cross-sectional area of each elemggtis the length of each element,
&e)is the strain of each element &fg) is the modulus of elasticity of each element. The

strain of each element can be derived from thepotating function [2.38] since

d. —-d
=0 =Tle S [2.41]
ox L
€ E [5)
therefore Uy = A‘Z’L © () +(d )2 = 2di o) [2.42]

C)
To apply this solution to the domain (i.e., all ménts), it makes sense to express

equation [2.42] in matrix notation. In order tdldav the rules of matrix multiplication, it
is necessary to transpose the displacement va&ggp (nto a matrix (a(e))T ). Equation

[2.42] is then given as half the product of themedat nodal position vector transpose

times the element stiffness matrix times the eléemedal position vector or:

1,- -
Ue = 2 (d(e))T[K(e)]d(e) [2.43]

- d
whered,,, ={d'(e)} is the vector of nodal position of each elementfa element 1,
i©

- d, - d, I .
de :{dz} and for element 2d ={d3}’ while (d,)" = [di(e) dj(e)] is the transpose
of element nodal position (transposing means tdv@xge the rows of a matrix or vector

for its columns, so that a 2x1 vector becomes a 1mtrix), and

_AgBe[1 1] _ :
[Kg] which is called the stiffness matrix of each elatne
© L1 |-1 1
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The work done by external forcéa on the whole stepped bar can be expressed as:

P
W=d,P, +d,P, +d,P, =[d, d, d,}P, [2.44]
P3

If the system is in equilibrium then the summatiminthe forces must equal to zero;
thereforeP; is the reaction at the fixed node 1 in the glo@drdinate systenf, =0,
since there is no external force applied at noder®j P;= P= 1N. Also due to
equilibrium, the stepped bar shown in Figure 2.36 & potential enerdyequal to zero,
since the work done by ford® must be equal to the total strain energy of trstesy as
per equation [2.39]. Therefore, the equilibrium &pn (=u¢-W=0) can be expressed in

matrix notation as follows:
2 hrd — —_
Z_;([Kw) ]d(e) —Po ) =0 [2.45]

Note that if one is adding and subtracting vectiks,in equation [2.45], the result has to
be a vector, and even if the vector is full of a5d is appropriate to use the vector sign

on top of a zero, in order to comply with matrixdarector notation.

2.7.1.4 Development of Global Matrix

After the characteristic matrices and vectors facheelement have been defined in a
common global coordinate system, the next stepheffinite element method is the

construction of the overall or system equationshisTprocedure is based on the
requirement of compatibility at each of the elemeodes, which means that the values of

the variables are the same for all elements joatedat node (Rao, 1982).
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In the stepped bar problem (Figure 2.20), the dldlidfness matrix (K]) is the

2
summation of the stiffness matrices of two eleméEs[K(e)]). For the values assigned

e=1
in this example A&:=2m? Ap=1m?, L;=L,=10m, E= 2x10Pa and P = 1N the element

stiffness matrices are:

Global
1 > «— Nodes
AE| 1 -1 4x10° -4x10° 1 &7
[Kyl=—" = [2.46]
L, -1 1| |-4x10° 4x10° 2
Global
Nodes
2 3 o
_AE[1 -1| | 2x10° -2x10°| 2
Kn]=—— = 2.47
K] L, |-1 1| |[-2x10° 2x10° | 3 [2.47]

Each of the rows and columns in the element s88neatrices are related to the
displacement of each node (1, 2 and 3). These ncalede used as coordinates for
assembling the global stiffness matrix, and fos teiason they are usually written around
each row and column as shown in equations [2.48][2@7]. In the global stiffness

matrix, the stiffness matrix of element 1 overlapth the stiffness matrix of element 2 at
node 2 of the global coordinate system, and smdeé 2 the strain energy should have

some contributions from both elements; therefoeeglobal stiffness matrix becomes:
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[Kw] [Ke)
_________________________ 1 2 3
4x10°  -4x10° | 40 ] 2 -2 0] 1
[KI=|£4x10° 4x10°+2x10°) ~2x10° |=2x10F[ -2 3 ~-1| 2 [2.48]
0 -2x10°  2x10° 0 -1 1] 3

In the equilibrium equation [2.45], the stiffnesatnix is multiplied by the summation of

2 —
the displacement vectors of each eIemeEc((e) ), which can be called the global
e-1

displacement vectord)), and finally subtracted by the summation of tippled load

2 —
vector of each eIemen'X Pe ), Which can be called the global applied load @e¢P ).

e=1

e)

Therefore the equilibrium equation [2.45] can bétem in terms of the global matrix and

the global vectors &&]d = P, and substituting the given numerical values dstaios:

2 -2 0](d,] (P
2x10°| -2 3 -1{d,}=40 [2.49]
0 -1 1|ld,] |1

2.7.1.5 Determination of Boundary Conditions

Before solving the equations on the global mattixsi necessary to specify some
restrictions so that the system does not have &niten number of solutions. It is

necessary to specify the value of at least onesantetimes more than one boundary
condition, i.e., restrict the motion or degree$reédom of certain nodes. The number of
boundary conditions that need to be specified asatkd by the physics of the problem

(Rao, 1982).
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The overall equilibrium equations [2.49] cannotdadved since there are four unknowns
and only three equations, so the equations wowe laa infinite number of solutions.

However looking closely at Figure 2.20, one canthaethe bar is fixed at global node 1,
therefore the position of this node is fixed ahd0. This is the only boundary condition
needed to be specified in order to solve the olvecglilibrium equations, since now there

are three unknowns and three equations. The sytequations [2.49] then becomes:

0 -2 0]f0] (PR
2x10°(0 3 -1{d,+=1{0 [2.50]
0 -1 1|/d] |1

2.7.1.6 Solving Global Matrix

Once the global matrix has been constructed andothidary conditions have been
established, the equations in the global matrix lsarsolved. If the equations in the
global matrix are linear they can be solved by difeerent variations of the Gaussian
elimination method. If the problem is nonlineaenithe global matrix will be formed of
nonlinear equations and would have to be solveddiye sort of iterative procedure,
such as Newton-Raphson, continuation, minimizatwnperturbation methods (Rao,
1982). All of these numerical solving methods h&e=n implemented in computer

software packages, which greatly simplify the solubf complex problems.

The global equilibrium equations defined for thepgted bar problem (Figure 2.20) are
linear so they can be solved by the Gaussian ditioin method, which consists in

eliminating unknowns by expressing them in termghefremaining unknowns until only
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one unknown appears in the system of equationssy$tem of equations [2.50] can be

solved using the Gaussian elimination method irfalewing manner.

The first equation of the system 2x10°(-2(d,)) =P, solving for d, one gets

d, = P /-4x10°; substitutingd, into the second equation of the system, one gets
2x10°(3(P,/-4x10°)-d,) =0; solving for d;, the second equation becomes

d, =3P /-4x10°; substitutingd, and d; into the last equation allow us to get

2x10°((P,/4x10°) -3(P,/4x10°)) =1,  therefore P;=-1 N, d,=2.5x10° m, and

d;=7.5x10° m. With these values the strains in each of tlenehts that form the

stepped bar can be calculated using equation [2.41]

dj(l) _di(l) _ d,—-d, _ 25%x10° -0
L L, 10

= 025x10°°

Eny =
o

dj(z) _di(z) _ d;—-d, _ 75x107° - 25%x10°
L L, 10

= 050x10°°

€p =
@

And the stresses in each element are calculatédayit = E¢ ., to give the numerical

results ofo,, = 05Pa and o, =10Pa.

2.7.2 Computer Implementation of Finite Element Metod

Finite element methods are primarily used when haaltulations cannot provide
sufficiently accurate and detailed results or wtienproblem to be solved is too complex
for hand calculations to be appropriate (Baran,8)98The utilization and popularity of

the Finite Element Method has greatly increasedh whe improvement and increased
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availability of general purpose digital computer€o¢ke et al, 1976). Until

approximately 1980 almost all the finite elementalgses (FEA) were performed on
mainframe computers which had a cost well over $ifiom and required separate air-
conditioned rooms and high level of maintenance aaador support (Baran, 1988).
Nowadays complex FEA can be performed using petsmmaputers and the results can
be expected in minutes, instead of hours or evers.daAs computers became more
powerful and cheaper, finite element software Hses become more powerful and more

accessible.

FEA software first became commercially available the early 1970’s and it was
primarily used in the nuclear and aerospace inghsstr Examples of commercially
available finite element software that were avaddaim the 1970’s are ANSYS and
MSC/NASTRAN (Baran, 1988). Table 2.2 shows a d¢istsome of the finite element

analysis software packages available today.

Nowadays FEA software is very much user friendlythwihe provision of graphic

interfaces (that facilitate the setup of the probl@nd drop down menus (where many
choices can be selected to properly set up reatigtiations eliminating the need to write
lengthy codes which was the norm in the past). ayathe finite element method has
been integrated with other computer applicatiorchsas computer aided design to give

rise to what is now called Computer Aided Enginegor CAE.
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Table 2. 2. Examples of Finite Element Analysidwafe packages currently available

Software Name

Company

Website

Abaqus

ALGOR

ANSYS

CalculixX

COMSOL Multiphysics

Femap

LS-DYNA

MSC Nastran (Adams,
Patran, Marc, Dytran,
Easyb)

Strand7

Dessault Systemes S.A.
Suresnes, France

ALGOR Incorporated
Pittsburgh, PA, USA

ANSYS Incorporated
Canonsburg, PA, USA

Open source code started
and maintained by Guido
Dhondt and Klaus Wittig

COMSOL AB
Stockholm, Sweden

Siemens PLM Software
Plano, TX, USA

Livermore Software
Technology Corporation
Livermore, CA, USA

MSC Software
Corporation
Santa Ana, CA, USA

Strand7 Pty Limited
Sidney, Australia

www.Ssimulia.com

www.algor.com

WWWw.ansys.com

www.calculix.de

www.comsol.com

www.femap.com

www.Istc.com

www.mscsoftware.com

www.strand7.com

One of the most popular FEA software packages iagdb. Abaqus has been preferred
by many academic and research institutions duéstwide material capability and its

ability to be customized, but it is also used ie #utomotive, aerospace, and product
manufacturing industries. One of the versions b&dus is called Abaqus/CAE and this
provides a graphic interface that facilitates tigualization of the problem to be solved,
as well as the results after the analysis has beepleted. Abaqus/CAE prepares an

input file from the parameters entered into thepgm@interface, which is submitted into



75

analytical software packages which can be Abaqasestrd or Abaqus-Explicit where

the solutions are calculated (Abaqus, 2008).

2.7.3 Finite Element Method and Rheology of Food Marials

Food materials have a complex rheological respaigeto their complex composition
and structure. Because of such complexity theefirlement method is an appropriate
tool in the study of the rheological propertieswvairious food products. Early finite
element analysis done on food materials arose ftloenneed to try to predict the
mechanical damage done to agricultural productsdurarvesting and processing (Puri
and Anatheswaran, 1993), while current researchbhbas focussed on obtaining models
that accurately describe the rheological respohpeozessed food such as butter, cheese,

bread, dough, margarine and shortening.

Rumsey and Fridley (1977) used a viscoelasticdialement computer model developed
by Herrmann and Peterson in 1968 at the Aerojee@iCorporation to predict stresses
resulting from contact loads on fruits and vegetakdfter harvesting. The fruits and
vegetables were simulated as perfect spheres.adtasncluded that the finite element
model was in agreement with the analytical solidormulated for viscoelastic

materials as long as the deformation was smalksihe viscoelastic theory used during

the experiment was developed for small strains.only

In 1991 two finite element elastic deformation megdeaxysimmetrical and three-

dimensional, were implemented by Cardenas-Webel €t1991) on the commercially
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available FEA software ANSYS to analyze the comgices of a melon by a robot
gripper. The two models predicted lower streskas the ultimate strength of the melon
tissue for a v-shaped robot gripper and highessé= for a flat gripper. It was concluded
that the model could be used to predict the maxinfmnece which could be applied to a
melon before bruising by a gripping device, butemcdefinition of bruising was needed
to be established through research because it waknown what force magnitude

produces damage to melons and other soft fruitscHrabe considered as bruising.

Frictional effects on the stress-strain data olethiduring the uniaxial compression of
gruyere and mozzarella cheeses and bread doughstgtied by Charalambides et al
(2001; 2006) using the commercial finite elemerftveare package Abaqus. Simulations
of uniaxial compression tests on cylindrical cheggecimens of different heights were
set up in Abaqus and, using an iterative methoctldped by Parteder and Blnten in
1998, Charalambides et al (2001) found a corredaotor as a function of strain for the
force measured during unlubricated compressios.teébhe analytical solution was based

on equation [2.51] and its numerical approximatismng a Maclaurin series expansion

[2.52]:
1 b
O, :EJ‘ZHUZrdr [2.51]
0
co e AR
Ia=0y|t¥ 3¢ [2.52]

where ga is the average stress in the specingels, the radius of a cylindrical specimen,

g;is the axial compressive stresds the radial distanceg is the yield stresgy is the
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coefficient of friction,R is the radius of the cylindrical specimen befooenpressionH

is the original height of the specimen aads the true strain. It was concluded that
iterative finite element analysis can be used asn@e accurate alternative to

extrapolation of the analytical solution to veryga specimen heights in order to convert
the results of unlubricated compression into foickess compression. The finite element
method yielded values for the coefficient of fricti () of cheeses in agreement with

values obtained from analytical method based onasimption that the friction is a

Coulomb friction that can be obtained from the sla plots of the average stregs)(

versus the inverse of the initial heightH]) of the specimen (see equation [2.52]).

Liu and Scanlon (2003) used finite element analisistudy the rheological properties of
white bread crumb. Using the material model AbatpfY*ERFOAM, based on the
Ogden (1972) strain energy function, Liu and Scar{fR003) were able to correlate the
modulus of elasticity and the critical stress o #xperimental data to the predicted
values obtained by finite element analysis. Thed2m's ratio for bread crumb was
assumed to be 0 or 0.21 (highly compressive) duthegsimulations and it did not affect
the prediction of the results at lower strains 88). The Abaqus simulations were set up
as axisymmetrical simplifications in which a twa¥dinsional drawing was used, where a
similar shape and properties on both sides of ¥iee & symmetry were assumed. The
use of an axisymmetric indentation finite elemeantuation allowed good prediction of
the load-displacement curves produced by cylintiricdenters of various sizes, but
under-predicted the measurements produced by spheéndenters. Liu and Scanlon

(2003) concluded that finite element analysis igolust tool useful in assisting



78

researchers to study the role of various factorgritiuting to the textural quality of food

materials.

By using the Abaqus finite element software package Microsoft Excel Solver
function, Goh et al (2004b) were able to extract parameters that define the
viscoelastic response of materials after beingesueg to a stress relaxation test with a
finite initial loading rate. The analytical modedad to describe the viscoelastic behaviour
of materials subject to finite loading stress ratéon tests is a convolution integral that
cannot be solved analytically. However, it is plolesto solve the integral using an
algorithm based on finite increments of time fsaggested by Taylor et al in 1970. This
algorithm can be implemented in the finite elememthod to extract the viscoelastic
parameters of materials. Goh et al (2004b) indatahat the use of finite element
analysis is a simple and quick method that fatdgathe extraction of viscoelastic
constitutive constants of materials to approximetperimental data under any arbitrary

strain history.

In 2005, Goh et al studied the use of a model &dipt the response of cheese wire
cutting with the help of Abaqus finite element ais&8 software. The numerical model
consisted of two parts: the first part dealt witidentation until crack formation caused
by a cylindrical wire and the second part dealtvatack propagation as the indentation
was continued to cut the specimen. Goh et al (20@5¢ able to accurately predict the
indentation part of the wire cutting procedure loéddar and gruyere cheese. This model

showed reasonable success in predicting the cuticg, especially for cuts made with
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small diameter wires. The numerical method wase alol incorporate strain-rate
dependent effects into the wire cutting simulatibat closely matched experimental
results. The numerical model was simpler, compratly cheaper to use, and more
successful in predicting the cutting force thanrent analytical methods. However it
was not successful in predicting the fracture towggls of cheese during wire cutting, a

parameter which can be calculated analytically.

A two dimensional finite element model was devetbf®yy Ressing et al (2007) to
simulate the puffing of a dough ball during vacuemerowave drying. The finite element
model was written in Matlab and implemented in ANSY This model enabled the
coupling of heat and mass transfer effects witidsokechanics effects. The combination
of thermodynamic and mechanic effects provided @sight into the two puffing

mechanisms of food products during vacuum microwde@ydration: the pressure
difference between the inside of the dough andditygng chamber and the pressure

created by formation of vapour due to the tempeeatige of the dough.

Using Abaqus finite element analysis software, Gold Scanlon (2007) were able to
develop a viscoplastic model to simulate the cosgiom and conical indentation
response of three lipid-based particle gel systénmaggarine, butter and shortening). In
general the viscoplastic model predicted reasonabli/the indentation response, but the
load at a given displacement was underpredictegtiortening and butter while it was
overpredicted for margarine. Using the viscoptastodel Goh and Scanlon (2007) were

able to back predict the stress-strain properti@®s the conical indentation response, and
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these stress-strain properties were consistentregthlts from other studies performed on
these three particle gels. There were some dignops between the results predicted
from the finite element model and the experimed#dh due to the lack of knowledge of
the large strain compression and time-dependeravii@irs of the lipid gels; Goh and

Scanlon (2007) suggested that large strain, stedagation and creep tests should be
performed to better understand the rheologicalaesp of lipid-based particle gels and to

develop a more accurate model.

The use of finite element analysis software packagan be of great help in
understanding the complex rheological responseood imaterials due to the ability of
finite element analysis to add complex featuresitaple mechanical models without the
need to solve complex mathematical equations. Wtaleding the rheological response
in turn can be used to predict the quality of foedsthe composition and structure is
changed to provide better nutrition or functionalitAlso the finite element method can
be used to combine thermal, mass transfer and mieeth@ffects to realistically simulate

processing of raw materials into food products.
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CHAPTER 3: MATERIALS
& METHODOLOGY
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3.1.0 Materials

All purpose vegetable shortening (Crisco® Smuclaods of Canada Co., Markham ON,
Canada) was selected as the material to be teggetbdts homogeneity and stability at
room temperature as compared with other lipid-bgssticle gels, like margarine and
butter. Vegetable shortening appears to be vemyolgeneous to the naked eye and is
one of the simplest fat systems being composedtafgen gas dispersed throughout a
semi-solid triacylglycerol matrix (Goh and Scanld®Q07). Ingredients listed in the

package of this shortening were soybean oil, hyelnated cottonseed and soybean oils.

Preliminary mechanical testing was performed on otfeer lipid-based particle gels: an
experimental shortening manufactured by blendirg tilgh melting fraction of Ghee
butter (extracted as per Marangoni and Lencki, 1988 canola oil, and a commercially
available shortening (No Name® all-vegetable smang Loblaws Inc., Calgary, AB,

Canada), whose ingredients were listed as hydrogensegetable oils (canola and/or
soybean and/or palm), mono- and diglycerides, BHBAT and citric acid. The

mechanical properties derived from compressionnigsif both these sample materials

varied substantially and so further testing wasafisinued.

3.2.0 Physical Characteristics of Shortening

From the literature review it has been learned #ihtpurpose vegetable shortening
maintains its solid state within the temperaturegeaat which the laboratory can be
maintained (deMan et al, 1991). Also the literatauggests that all-purpose vegetable

shortening contains approximately 13% of nitrogaa ger volume uniformly distributed
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in bubbles (Shahidi, 2005). It is important toetatine these two physical characteristics
for the particular shortening studied (Crisco®)ncs they could affect the results

obtained during the mechanical testing and théefieiement modelling of the results.

3.2.1 Solid Stability of Shortening

According to deMan et al (1991), North American e@&ple shortenings have melting
points that range from 49.0 to 50.2 °C, which artelmhigher than room temperature (19
to 23 °C); therefore it can be assumed that thetadide shortening chosen in this study
is stable at room temperature. However since thmautations of vegetable shortenings
of different brands is very diverse it was necesgarconfirm this assumption. The
Differential Scanning Calorimetry (DSC) thermograan provide valuable information
on the melting profile of fats and can be correalate how they melt in the mouth during
mastication (Dian et al, 2006). DSC was performethg a micro-calorimeter (Micro
DSC 1l high sensitivity DSC and isothermal caloeit®r, SETARAM Inc., Pennsauken,
NJ, USA), in order to investigate the solid stapibf the selected vegetable shortening at
room temperature (19 to 23 °C). Vegetable shantebiocks were stored at 4 °C until
tested. Three sequences were set up for the wadtani, first the calorimeter internal
temperature was dropped from room temperature fC4at 3 °C mifl, then the
calorimeter was run isothermally for 60 min at 4, &@d finally the calorimeter was
ramped from 4 to 40 °C at 1 °C rilin The test was performed on triplicate, from three
different blocks of the same lot (Crisco® Lot# 72820 1936 1). The mass of the
specimens placed on the DSC machine was 118+4Ting.measurements were repeated

on the same shortening blocks nine weeks latere(iintook to finish all mechanical
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testing) to observe whether time and storage comdit affected the melting

characteristics of shortening.

3.2.2 Void Fraction of Shortening

The void fraction of vegetable shortening was estad by calculating the density of
solid shortening as sold at room temperature (20)5this density was then compared to
the solid shortening density after de-gasificatiad occurred. Three 30x30x30 mm
cubes were cut and their respective masses wersuneela The three replicates were
melted (50+2 °C) and agitated under vacuum to seléhe nitrogen gas from the liquid
shortening. The liquid shortening was transferngid ia graduated cylinder so that the
volume could be measured. The liquid shortening alowed to cool down to room

temperature (20.7 °C) inside the graduated cyliradet its volume and its mass were

measured once again. The void fracti@nwas calculated using the following equation:
v=1-- [3.1]

wherep is the density of vegetable shortening as sold @nd the density of solid

vegetable shortening after de-gasification.

3.3.0 Mechanical Testing of Shortening

In order to obtain the constitutive parameters usedefine a material’s rheological

behaviour a series of mechanical test were perfdrarestandardized cubic shortening
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specimens using a Universal Testing Machine. $patipreparation and mechanical

testing set-up are described in the following sei

3.3.1 Sample Preparation for Mechanical Testing

Blocks of vegetable shortening (Crisco® Lot# 70&D 9702 2) weighing 454 g each
were bought from a local supermarket and were @tate 4+2°C until testing. A
minimum storage time of 10 hours after purchase gwasn to the shortening blocks so
they hardened, making cutting of specimens eas@ecimens were cut into rectangular
prisms of three different sizes to investigate #igects of friction between the
compression set-up and vegetable shortening. THiferent sizes were used to
investigate the frictional effects. By increasthg dimensions of the specimens parallel
to the compression plates (contact area), thessteslts during compression should
increase due to the presence of friction or shoeifdain the same within experimental

error if there is an absence of friction (Gunasakand Ak, 2003).

Sizes used were 15x15x15, 22.5x22.5x15, and 30X80rin. These were nominal
dimensions; the exact dimensions of each specingza mecorded to an accuracy of £0.5
mm prior to testing. The cutting was done usingnadified wire cheese cultter,
consisting of a marble base, a wooden stopperaametallic arm that stretched a steel
wire (Figure 3.1). The block of shortening was pthon the marble base and rested
against the wooden stopper to form a 90° anglelevthe metallic arm swivelled up and

down cutting the shortening that was not restingh@wooden stopper.
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Figure 3. 1. Modified cheese wire cutter used dysgpecimen preparation

The shortening blocks were cut immediately afteeythwere removed from the
refrigerator. Mineral oil (Light white oil EEC N&32-455-8, Sigma Chemical Co., St.
Louis, MO, USA) was used on the steel wire to fed#® specimen preparation. About
seven 30x30, seven 22.5x22.5 and twenty one 15xdb by mm specimens were
prepared from each block of shortening. Specimere rejected if large air bubbles or
damage at the edges were observed. The specimemescarefully placed on square
sheets of weighing paper (Fisher Scientific Corpora Ottawa ON) for easy transport
and to reduce further handling of specimens. 3peas were covered with a second
sheet of weighing paper and allowed to equilibtateoom temperature (19 to 23°C) for
a minimum of 3 h. The temperature equilibrationdiof 3 h was selected on the basis
that it took approximately 1 h for the core of &x30x15 mm specimen to reach room
temperature; the extra 2 h was chosen in ordeflda all the cut specimens to reach

room temperature, since specimens were randonggteel for testing.
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3.3.2 Temperature Measurements during Mechanical Tating

The ambient temperature was measured using a ldiggamometer (TEGAM 871A,
Tegam Inc., Geneva, OH, USA) with an insulatedrtitaouple (Chromega®-Alomega®,
Omega Engineering Inc., Laval, PQ, Canada). Teatpes readings were taken at the
beginning and at the end of each set of mechamésas. Mechanical tests were not
performed if the room temperature was below 19 tCaleove 23 °C, to minimize

variation in the results due to temperature.

3.3.3 Mechanical Testing Set-up

All mechanical tests were performed on a Zwick malke testing machine (Zwick USA,
Kennesaw, GA, USA) with a 100 N load cell (resauatiof 0.0002 N). Tests were
controlled and data were compiled using the softvlaxtXpert Il (Zwick GmbH, Ulm,
Germany). For compression based tests (simple i@ssipn, cyclic compression, creep
test and stress relaxation) a layer of mineralais applied to both compression platens,
sheets of overhead transparency were placed oaftthg mineral oil and more mineral
oil was applied to the upper face of both transpeies. Specimens were carefully taken
from their weighing paper and placed on top ofrtfieeral oil, as shown in Figure 3.2.
Application of mineral oil and the use of stiff tigparency sheets in between platens and
specimen were utilized to reduce the frictionaket$ during testing. For indentation
tests, a conical indenter with a half angle of &% used. The indentation set-up was
similar to the compression one with the excepti@at ho transparency was placed on top
of the specimen, but the indenter surface was dated with mineral oil to reduce

friction between indenter and specimen.
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Figure 3. 2. Specimen set-up for compression tgstirvegetable shortening

3.3.3.1 Treatments per Mechanical Test Type

In order to observe the rate dependent behavioshoftening four monotonic loading
rates were used during simple compression tegts4040, and 400 mm mifjand three
during cycling loading (4, 40 and 400 mm Mjn The initial compression in cyclic
loading was 1 mm and in the next cycles the consprasdistance was increased by 2
mm until a maximum compression distance of 7 mm kgashed. An additional cyclic
compression test was done with smaller compresdigtances (minimum compression
0.3mm, increments of 0.3 mm up to a maximum ofrhrf) at a crosshead speed of 4
mm min. During the creep tests, specimens were subjéctédee loads (0.5, 2.5 and 5
N) for a period of 30 min. For stress relaxatiest$, specimens were subjected to three
different compression displacements (0.5, 2.0 ar@ rdm) that were reached by

crosshead movement either at 4 or 40 mmi‘mamd the displacements were held for 20
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min. In the indentation tests, monotonic loadin@.4, 4, 40, and 400 mm nmirup to a
depth of 2.5 mm were performed. All the tests wdee in triplicate. For compression-
based tests specimens of three different contaetsawere used (225, 506.25 and 900
mn¥) while for indentation, specimens with two diffatecontact areas (225 and 900

mn¥) were used. Table 3.1 summarizes the treatmemts fibr each type of test.

Table 3. 1. Summary of tests and treatments foetadde shortening

Test Monotonic Cyclic Creep test Stress Monotonic
Compression Compression Relaxation Indentation
Three fixed
constant Three constant Three fixed Lo constant
. . ) and 5.0 mm . :
Treatments COMPression  compression loads: 0.5, indentation
rates: 0.4, 4, rates: 4, 40,400 2.5, and 5.0 Two rates: 0.4, 4,
40,400 mm  mm min® N 40, and 400
] crosshead 1
min . mm min
speeds: 4 and
40 mm mint
Limit MaX|mur_n _ Maxmur_n . Holding time: Holding time: Indent.atlon
. compression: compression: . . depth: 2.5
conditions 30 min 20 min
9.75 mm 1.2* or 7 mm mm

Specimen 15x15x15 15x15x15 15x15x15 15x15x15

Sizes  22.5x225x15 225x22.5x15 22.5x22.5x15 22.5X22.5x15 1oiiVd
(mm) 30x30x15 30x30x15 30x30x15 30x30x15

Replicates

per 3 3 3 3 3
treatment

Replicates 36 30 . 54 o
per test

* Maximum compression of 1.2 mm was performed aeéhspecimens 15x15x15 at the
compression rate of 4 mm riipso that the total replicates for cyclic compresss only
30.
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3.3.3.2 Universal Testing Machine Control Parameter

A master test program from TextXpert Il called “GgcTests” version 1.41 was used to

control the test. The parameters needed for gg@ehdf test are specified in Table 3.2.

Table 3. 2. Test control parameters inputted irggtXpert Il version 1.41

Parameter Monotonic Cyclic Creep Test Stress  Monotonic
Compression Compression Relaxation Indentation

Tool

separationat 60 mm 60 mm 60 mm 60 mm 20 mm

start position

Speed to 200 mm 200mm  200mm  200mm 200 mm
reach start ) .1 1 1 =
" min min min min min
position
Approach Specimen Specimen  Specimen  Specimen  Specimen
travel to a . ) : : ;
initial tool height plus  height plus height plus height plus height plus
. 1.0 mm 1.0 mm 1.0 mm 1.0 mm 1.0 mm
separation
Speed of 200 mm 200 m 200 m 200 mm 200 m
approach min* min™ min* Min™ min*
Type of Cyclic Cyclic Creeptest/ Creep test/ Cyclic
measurement . . )
loading loading Creep Creep loading
phase
Number of 5 4 1 1 5
cycles
Cycles Position Position Force Position Position
controlled by
0.4,4.0, 4.0, 40.0, or 0.4,4.0,
speedof 450 0ra00 4000mm  400N/s  400T490 466 or 400
cycles . mm min

mm min* min? mm min*
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Standard Standard
Point travel: 65% Standard travel: 25%
marking the of the initial ) Not Not of the initial

, travel: 2.0 or : .
end of first tool applicable  applicable tool
. 0.3 mm .
cycle separation separation
(mm) (mm)
Point Standard Standard
marking the Not Not force: 0.5 travel: 1.5, Not
beginning of  applicable  applicable o5 of 5'0i\| 3.0,0r 6.0 applicable
holding time " ' mm
Increase
after each 0.2 mm 200r0.3 N.Ot N.Ot 0.2 mm
mm applicable  applicable

cycle

End of End of End of

cycles or cycles or Ar;ti?]r g’fo After 20 min  cycles or
End test maximum maximum holdin of holding maximum

extension of extension of load g displacement extension of

14.0mm 14.0mm 14.0mm
Travel save
interval
standard 10.0pm 10.0um 10.0pum 10.0um 10.0um
extensometer
Time save
interval 0.1s 0.1s 0.1s 0.1s 0.1s
Force
shutdown 80 N 80N 80N 80N 80N
threshold

3.3.3.3 Conversion of Force-Displacement to Stre§irain

The force and displacement measurements obtainezla@averted to total true stress,

and total true straing, by assuming incompressibility of the materialdloiwing
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equations discussed in the last chapter (equafibb$ and [2.6]) (Charalambides et al,

2001), rewritten here for convenience:

~in{H=9) [2.5]
H

a:w [2.6]
L°H

whereF is the force measured by the load cHllis the original height of the specimen
(15 mm),d is the displacement measured by testing machidd_aa the original side

length of the specimen (15, 22.5, and 30 mm).

3.3.3.4 Replicates Selection after Mechanical Tesg

The order in which the tests were performed wasloanized using a random number
generation function in MS Excel. All the compressbased tests were grouped together
since no change of fixtures was needed to perftventédsts; therefore indentation test’s
treatments were randomized separately from comprebssed tests and were

performed after all the compression-based teste fugished.

Once three replicates per treatment were perforitnas determined if the replicates
were significantly different from each other byaadhting the coefficient of variance of
the total true stress at the end of loading foesstrrelaxation, simple and cyclic
compression. For the creep test, the coefficiémadance was calculated for the strain
at the point where the load was removed. Andridentation the coefficient of variance

was calculated for the maximum force at the pointioading. If the coefficient of
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variance was smaller than 8% then the replicate® wWleemed not to be significantly
different. If the coefficient of variance was hgghthan 8%, new specimens were
prepared and tested; the new coefficient of vagawas calculated for the specified
parameter using only three replicates but mixing thder replicates and the newly
acquired replicates randomly until the coefficiehtvariance was below 8% for three of
the replicates. It was observed that most of gugability in the results arose from the
way the specimens were cut rather than from tenyreradifferences in the testing

environment.

3.4.0 Visual Analysis during Compression

It is important to relate the data collected durthg compression tests to the visible
response of the specimen. For this reason it wasléld to continuously photograph two
specimens during simple compression at 40mm™minTwo 15x15x15 shortening

specimens were prepared as previously describe@. sPecimen at a time was placed on
the compression platen as shown in Figure 3.2 didck piece of cardboard was placed
behind the specimen to increase the contrast batwample and background. Two

incandescent lamps with tissue paper diffusers wkxeed at both sides of the specimen
to properly illuminate the specimen and reduce shadwhen the compression platens
were close to each other. A digital single-lerfiekecamera (Nikon D80, Nikon Canada,

Mississauga, ON, Canada) was placed directly intfod the specimen on a tripod. The
continuous shooting option was selected in ordetake three frames per second. As
soon as the top compression platen was in conticttiae specimen, photographs were

taken until the compression test completed theihgadycle. The photographs were later
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matched to specific points of the stress-strainelny relating the time at which a picture
was taken as recorded by the digital camera tdithe the force was measured by the

load cell and recorded by universal testing machkofavare.

3.5.0 Modelling Mechanical Tests by Finite ElemenAnalysis

Finite element analysis has proven to be a usefal for studying the complex
mechanical behaviour of metals, polymers and ewerd fmaterials. One of the
advantages of finite element analysis is its cdpacicarry out ‘virtual’ experiments that
cannot be readily performed experimentally (Liu éechnlon, 2003), but in order to
check the validity of such virtual experiments thmyst be verified with simulations of

standard experiments.

During this study the rheological response of valglet shortening after compression and
indentation was modelled using Abaqus/CAE finienatnt analysis package version 6.6
and 6.7 (Abaqus Inc., Providence, RI, USA). Ab#&GA& provides a user-friendly and
consistent interface for creating and interprefinge element simulations (Abaqus Inc.,
2007). Abaqus/CAE is divided into eight modulesittlare necessary to create a
simulation; these modules are Part, Property, Abggnstep, Interaction, Load, Mesh,

and Job.
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3.5.1 Part Module

The Abaqus Part module is used to define the gegnuétthe parts involved in the

simulations. Three two-dimensional axisymmetridpaere used for the simulations in
this study. According to Goh and Scanlon (200#8) difference between 2-D and 3-D
analytical results shows little difference, whilleetcomputation time is significantly

longer for 3-D models. A DEFORMABLE part represhtthe shortening specimen
while two ANALYTICAL RIGID parts were the fixtureg contact with the shortening

specimen during mechanical testing, a fixed supplaten and a compression platen or
conical indenter. The ANALYTICAL RIGID option wasgsed due to the geometric
simplicity of the fixtures, and because stainlgsglsand aluminium plates are perfectly
rigid when compared to vegetable shortening. Aregfee node was assigned to the rigid

parts where constraints were applied (Figure 3.3).

3.5.2 Property Module

The Abaqus Property module is used to define theenah properties to be assigned to
the parts drawn in the Part module. The materiap@rties include physical properties
such as density, and mechanical properties arramgedifferent models such as elastic,
viscoelastic, and plastic. For this study sevemsterial models and different
combinations of them were tried; a comparison ef different models is shown in the

results section of this thesis (Sections 4.9.04a40.0).
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3.5.3 Assembly Module

In Abaqus/CAE the parts drawn are independent feamoh other until they are put
together in the Assembly module; the relative pasito each other is assigned in the
assembly module. Just like in the experimentabtefuring simulations the shortening
specimen was placed on top of the support platdrttze indenter or compressor on top

of the shortening specimen (Figure 3.3).

@4— Reference

Node

Compression Platen (Analytical Rigid Par

Specimen
Symmetry (Deformable
AXis Part)
2 i

Support Platen (Analytical Rigid Part)

3 1@4— Reference

Node

Figure 3. 3. Parts and assembly used during cosipresimulations
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3.5.4 Step Module

The step module is used to define the type of amatp be performed, the simulated time,
the frequency and number of data points to be celteand the techniques used to solve
the different constitutive equations. In this stadVISCO or STATIC type of analysis
was selected in order to model viscoelastic ottielgslastic and elastoplastic behaviours.
The simulated time was adjusted according to tfferdint compression rates used during
experimental tests. One hundred data points at enervals were collected throughout

the step for most of the simulations.

3.5.5 Interaction Module

The interaction module is used to determine the tyfpinteractions between the different
parts in an assembly. For the test simulation)RFFACE TO SURFACE contact was
selected between the fixtures and the specimen.FRACTIONLESS contact was

assigned between the fixtures and the specimerubeaao apparent frictional effects

were observed experimentally; see results secfitmthesis (Section 4.4.2).

3.5.6 Load module

The load module is used to apply direct loads amghtary conditions to the assembly
used during simulations. No direct or point loagse used to cause the deformation of
DEFORMABLE parts during compression or indentat®mulations, but rather the
RIGID parts movement onto the DEFORMABLE parts eauthe deformation, so that

all simulations mimicked actual experimental prolsc The support platen was
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completely fixed by selecting the ENCASTRE (Ul=UZ4WR1=UR2=UR3=0)
boundary condition at the reference node, so thahovement along any of the axes (U1,
U2, U3) and no rotation around any of the axes (UBR2, UR3) was allowed for the
reference node of the support platen. Rollers #tlatv only movement in the vertical
direction (U1=UR3=0) were placed on the axis of sytry of the sample and on the
reference node of the compression platen. Thecaerdisplacement (U2) of the
compression platen was assigned in the load mashalerdingly to simulate the different

treatments done during experimental compressionratehtation (Figure 3.4).
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(no movement is P — Reference
allowed) —> & Node

Support Platen

Figure 3. 4. Constraints used during compressiohiraentation simulations

3.5.7 Mesh module

The mesh module is used to assign the type and ewailelements used to analyse the
mechanical behaviour of a simulated material. €lament type used during all the
simulations was a 4-node bilinear axisymmetric qleteral, with reduced integration

and hourglass control (CAX4R), which is the defauien axisymmetric stress analysis



100

is selected. For frictionless compression simatetia uniform mesh with 120 elements
of the same size was used, since the load is ewlstsibuted and there is no stress
concentration as a result of the crosshead squeelzen specimen (Figure 3.5a). For
frictionless indentation simulations a mesh witth ements of different sizes had to be
used in order to increase accuracy of the resuithowt greatly increasing the

computational time. Smaller elements were uset tigpderneath the indenter because
this section is subjected to a greater deformatiam any other part of the sample and
more accuracy is required here than at other poirttee mesh, this is in agreement to the

simulations done by Bucaille and Felder in 2002(Fé 3.5b).

() (b)

Figure 3. 5. Meshes used for compression (a) atehiation (b) simulations

3.5.8 Job module

Once the simulation has been set up in the previnodules it can be submitted for

analysis and monitored using the Job module. Amap@ate name was assigned to the
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simulations and a general description was addeardsubmitting a job for analysis. All
jobs were assigned a DOUBLE Abaqus/Explicit precisand a FULL nodal output

precision.
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CHAPTER 4: RESULTS &
DISCUSSION
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4.1.0 Introduction

The two main objectives of the research projecttlaeemeasurement of the fundamental
material parameters of shortening and the develaopofea mechanical model that is able
to accurately predict the indentation response @fetable shortening. Since the
rheological response of vegetable shortening isce#fl by its composition, differential
scanning calorimetry and the void fraction of tledested vegetable shortening were
performed to better characterize the material;réseilts of these two measurements are
shown in sections 4.2.0 and 4.3.0 of this chapt&ections 4.4.0 to 4.8.0 deal with the
extraction of the fundamental material parametdrs/egetable shortening from the
different uniaxial compression tests, which inclug@notonic compression, cyclic
compression, creep test and stress relaxation t€keslast two sections (4.9.0 and 4.10.0)
of this chapter are devoted to an assessment auitebility of two different mechanical
models (viscoelastic and elasto-viscoploastic) tbauld be used to predict the
rheological response of complex materials such aegetable shortening, and its

application to predicting the mechanical responsa&ni indentation test.

4.2.0 Solid Stability of Shortening

Differential Scanning Calorimetry (DSC) was usedd&germine if phase changes were
occurring in the shortening samples during meclamésting due to fluctuations in room
temperature. Since the mechanical properties ofteshiog are extremely sensitive to
solid fat content (Carden and Basilio, 2004; Maman@gnd Narine, 2002), it is important
to ascertain potential variability in mechanicabperties that might be brought about

temperature variability. The results of a DSC &gt generally presented in a curve that



104

shows the heat flow as a function of temperatuireanl exothermic process such as
crystallization occurs during the test, the cunii sihow a peak in the positive direction,
and if an endothermic process such as melting sapeak in the negative direction will
appear. If the heat flow remains constant as thpégature increases this means there is
no change in phase. A DSC curve was produceddgetable shortening between 4 and

40 °C (Figure 4.1).
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Figure 4. 1. Average DSC curves for vegetable sharg at two storage times. Error
bars represent = 1 standard deviation
As one can see in Figure 4.1 vegetable shorterengains in the same state at the
temperatures in which the mechanical test wereopagd (19 to 23 °C) since the DSC
curve is almost horizontal. Melting starts to acbeyond 30 °C and it appears that

further crystallization occurs below 10 °C. Thegé of the curve did not change as the
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storage time progressed, however the heat floveasad with storage time. The increase
in heat flow can be attributed to an increase & gblid fat content (Metzroth, 2005).
Based on these results it can be assumed thathdwdogical properties of vegetable
shortening were not changing as a result of ambiemperature fluctuations in the
laboratory, but some of the variability betweenlicges can be attributed to the changes

that occurred during refrigerated storage.

4.3.0 Void Fraction of Vegetable Shortening

Vegetable shortening as sold has a white and cregapgarance which can be attributed
to the presence of evenly distributed nitrogen hegol{Shahidi, 2005). Once the
shortening was melted, agitated and re-solidifiesd appearance can be described as
opaque and yellowish in colour; therefore one caopdditially explain this change in
appearance to the removal of nitrogen bubbles ffeenshortening matrix. In order to
calculate the void fractiord() of vegetable shortening the density of solid sfiung as
sold ) and the density of degasified solid shortenmyWere measured. The density of
shortening as sold at 20.5°C was measured to 132 @®.002 g cii while the density

of solid degasified shortening at 20.7°C was 0.898.009 g crit; therefore the void

fraction was calculated as 0.068 + 0.008 as peatemju[3.1] in the methodology section:

o=1-~
Ps
This void fraction is smaller to what Shahidi (2D@&cords as the added nitrogen to most

shortenings (12-14% by volume), but it is importémtremember that there are many

formulations for shortening and it is possible tHating the manufacturing of Crisco®
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all-purpose vegetable shortening only 7% of nitrogeadded to increase workability and

to provide a white and creamy appearance.

4.4.0 Uniaxial Monotonic Compression

All purpose vegetable shortening was subjectedniaxial monotonic compression in
order to observe its rheological behaviour andttryclassify the material as elastic,
plastic, viscoelastic, or a combination of the ahovn general, uniaxial compression
tests are used to obtain some fundamental rheallogioperties of materials, such as the
modulus of elasticityE) and yield stressesx(), which are necessary to create a model

for the simulation of their rheological response.

4.4.1 Classification of Shortening from Monotonic @mpression Response

Goh and Scanlon (2007) noted that the compressgponse of vegetable shortening can
be divided into three sections, a linear elastmiar® at the beginning, followed by a
plastic region with strain hardening and finallpexfectly plastic region. Because of this
rheological response, vegetable shortening canldmsified as an elasto-viscoplastic
material. The experimental compression resultswehin Figure 4.2 suggest that
vegetable shortening has a perfectly elastic regtorery small strains and it appears that
at large strains a perfectly plastic region is prégust as reported by Goh and Scanlon
(2007). However in the intermediate region a st@gershoot region develops which

suggests strain hardening as well as strain soffjeas opposed to just strain hardening.
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Figure 4. 2. Monotonic uniaxial compression trtress- true strain schematic curve for

vegetable shortening; three different sections/amible: Linear elasticity (1), stress
overshoot hardening/softening (2), and perfecttigi&g (3)
An attempt to quantify the value for the modulusetdsticity was made by fitting a
straight line through the stress-strain data atirsdr greater than 0.5% and below 5%.
Using this technique the modulus of elasticity fiashd to be the values in Table 4.1.

Table 4. 1. Modulus of elasticity of shorteningaibed after monotonic compression at
different crosshead speeds.

Crosshead speed (mm fi)n Average modulus of elasticity (kPa)
0.4 248.3 £9.7
4.0 360.3+5.5
40.0 306.7 £ 105.4
400.0 246.3 £6.5

The variability in the modulus of elasticitf) can be attributed to the variability in
specimen shape, rather than being a true rate-depeaffect, because there is not a real

pattern as the loading rate increases. This bebawas expected since the modulus of



108

elasticity is a rate-independent parameter sinces iised to describe purely elastic
behaviour which is always non rate-dependent. spfeeimen shape variation was pretty
hard to eliminate. Even though great care was takeimg the cutting process to have
flat contact areas there was a variation in heiglaximum of +0.5mm (or 3.3% of
specimen height), between the different sides efsime cubic specimens. This uneven
contact area affects the compression results bggihg the initial slope of the stress-
strain diagram as discussed by Gunasekaran and?@®3). If the specimen contact
surface is uneven (Figure 4.3), the initial foredue measured during compression would
be smaller than if the compression platen was itamt with the entire face, this in turn

leads to the underestimation of the modulus oftieias

l Compression platen I

Uneven contact—>

Shortening
specimen

I Support platen I

Figure 4. 3. Schematic representation of unevatacd between specimen and
compression platen leading to underestimation afuhes of elasticity

4.4.2 Frictional Effects during Monotonic Compressin

The frictional effects were also studied during axil monotonic compression by
varying the area of the specimens in contact withdompression and support platens.

Altering the dimensions of specimens is a commorhote of studying the frictional
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effects during compression (Charalambides et al120 In order to study fictional

effects during compression, Charalambides et &d{p0aried the specimen height and
Gunasekaran and Ak (2003) suggested the variafitimeocontact area of the specimen.
Charalambides et al (2001) observed that when bhockant was used, shorter cheese
cylindrical specimens appear stiffer than talleedmens due to the presence of friction.
On the other hand Gunasekaran and Ak (2003) stttad if frictional effects are

significant during compression tests, one couldeekghe stress at a given strain to
increase as the contact area of specimens incrdasesuse a larger contact area will

contribute to more friction than a smaller contaeta.

The compression results of shortening specimerts aviterent contact areas are shown
in Figure 4.4. One would expect the 30x30 epecimens to have larger stresses at a
given strain independently of the compression réit&éere were significant frictional
effects during compression. However, as seen iar€ig.4 this trend is not visible in the
experimental data especially at strains below G&: example at a compression rate of 4
mm min* (Figure 4.4a) the 30x30 specimens appear to Heeverhaller true-stress values
than the 15x15 and 22.5x22.5 specimens at trumstb@low 0.5, while at 40 mm min
the stress values for the three specimen sizesl@se to each other and within the error
bars at strains below 0.5 (Figure 4.4b). At ssdamger than 0.5 there is a slight increase
in the true-stress values as the size of the sgarintreases but at strains larger than 0.5
the specimen shape starts to greatly deviate ftencubical shape and it appears that
shear fractures start to appear as discussed fiorsec4 of this chapter, so the stress

increase may not be attributed to friction alone.
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Figure 4. 4. True stress-true strain diagram fromaxial monotonic compression of
vegetable shortening cubic specimens with thrderéifit contact areas (dimensions in
mnt) and at two crosshead speeds (a) 4 and (b) 40 inth Each curve is the average

of three specimens with similar dimensions andrdyaos are the average standard

deviation of three specimens
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Specimens with different contact areas were noty omsed during monotonic
compression but also during other uniaxial compoessests, which included cyclic
compression. In order to observe if the stresssoreaents were affected by frictional
effects, a student t-test (95% confidence, 2 tals3 performed using MS Excel between
the true-stress results of specimens with diffex@nitact areas at different true strain
values (at the end of the loading of each typeest)tduring monotonic and cyclic

compression tests. The results of the t-teststemen in Tables 4.2 and 4.3.

Table 4. 2. Student t-test comparison betweensstrasies at strain values larger than 0.5
after monotonic compressions for specimens of idiffesizes.

Crosshead speed Specimen size t-test value (95% Significantly
(mm min%) comparison (mm) Confidence, 2 tail) different (Yes/No)
0.4 15vs. 22,5 0.0478 Yes
0.4 15vs. 30 0.0263 Yes
0.4 22.5vs. 30 0.2040 No
4.0 15vs. 22,5 0.0006 Yes
4.0 15vs. 30 0.0062 Yes
4.0 22.5vs. 30 0.0492 Yes
40.0 15vs. 22.5 0.0692 No
40.0 15vs. 30 0.0012 Yes
40.0 22.5vs. 30 0.1761 No
400.0 15vs. 225 0.0996 No
400.0 15vs. 30 0.1650 No
400.0 22.5vs. 30 0.4584 No

The t-test comparisons for monotonic compressi@bl@ 4.2) at strain values larger than
0.5 indicate that at low crosshead speeds (0.44amim min') there is a significant
difference between the measured true stresseseoinspns of different sizes. However
at higher crosshead speeds (40 and 400 mni)nifrere is no significant difference

between specimens of different sizes. In orderacikude if the specimen size had an
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effect on the measured stress cycling compresgsnréesults were subjected to t-test

comparisons (Table 4.3).

Table 4. 3. Student t-test comparison betweessiralues at strain values larger than
0.5 after cyclic compressions for specimens oedéht sizes.

Crosshead speed Specimen size t-test value (95% Significantly
(mm min’) comparison (mm) Confidence, 2 tail) different (Yes/No)

4.0 15vs. 22.5 0.2308 No

4.0 15 vs. 30 0.0834 No

4.0 22.5vs. 30 0.1125 No
40.0 15vs. 22,5 0.2919 No
40.0 15 vs. 30 0.5479 No
40.0 22.5vs. 30 0.9428 No
400.0 15vs. 22.5 0.3539 No
400.0 15vs. 30 0.3260 No
400.0 22.5vs. 30 0.6132 No

By looking at Table 4.3 one can conclude that chranthe specimen size during cycling
compression test of vegetable shortening did nasea significant difference in the

measured stress at strains larger than 0.5.

The student t-test showed that 71% of all the coispas were not significantly different;
the t-test results indicate that there was morelbdity among specimens with similar
dimensions than between specimens with differemhedsions. Based on the
observations done on Figure 4.4 and the statisticalysis (Table 4.2 and 4.3), one can
conclude that at all strains, the measured steesstisignificantly different as a result of
compressing specimens of different sizes when thesbead speed is either 40 or 400
mm min’. However if compression tests are carried oeither 0.4 or 4 mm mihthere

is a significant difference between the true stredses measured at strains larger than

0.5. Therefore it is only safe to neglect frictibredfects during compression tests at
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strains lower than 0.5; therefore one can assuiogofrless behaviour at strains lower

than 0.5 during finite element analysis simulatjomkich will be discussed later in this
thesis.

4.4.3 Monotonic Compression Rate-Dependent Behaviou

The literature review revealed that most lipid-ltagmrticle gels are rate-dependent
materials (Wright et al, 2001; Goh and Scanlon,730therefore in order to investigate
the rate-dependent behaviour of vegetable shogdgenirbic specimens were compressed

at four different crosshead speeds (0.4, 4.0, 4D 400 mm mift). The results of

uniaxial monotonic compression of shortening atedént crosshead speeds are shown as

a true stress-true strain diagram in Figure 4.5.
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Figure 4. 5. True stress- true strain diagram fusmaxial monotonic compression of
vegetable shortening at four different loadingsateach curve is the average of 9
specimens with three different contact areas aruat bars are 95% C.L from 9
specimens at each data point



114

Figure 4.5 suggests that vegetable shortening hrateadependent response to uniaxial
compression; however it is not seen as an inclieatbe stress values as the compression
rate increases as reported by Goh and Scanlon )2007a change in the shape of the
stress-strain curve. As the compression rate ase®the perfectly plastic region is only
reached at greater strain values. In addition,sthess peak broadens significantly, the
maximum stress appears to increase but the differdretween different crosshead
speeds is not significant due to the variabilityhef results (Figure 4.5). The increases in
the value of the plateau stress with loading ragerst as pronounced as described by
Goh and Scanlon (2007) and are within the erros bareach of the different crosshead

speed compression tests, so they are also nofisagrily different.

4.4.4 Visual Analysis during Monotonic Compression

Continuous photographs were taken during uniaxiah@tonic compression and then
matched to specific points in the stress-strairveur This was done in an attempt to
understand the macroscopic effects of uniaxial gesgon and to try to understand what
was causing the stress overshoot at intermediai® Steen in Figure 4.2. The results are

summarized in Figure 4.6.

If a material is subject to predominantly compressstresses, failure occurs on planes
that are inclined to the planes of normal stressmaare aligned with planes of maximum
shear. Failure at the shear planes is common ftilebsolid materials such as cast iron
and concrete (Dowling, 2007). By looking at Figuté it appears that shortening

undergoes failure along the planes of maximum shedwich is inclined to the



115

compressive plane. Many materials usually containeasily develop, small flaws or
other geometric features that are equivalent tollsonacks. In vegetable shortening
these flaws might be the nitrogen bubbles in thikd smatrix (O’Brien, 2005) that
account for the void fraction discussed in secdd® 0. Failure in materials generally
occurs as a result of these flaws joining or grawyiand such a process is often time

dependent; therefore shear failure is dependetitolvading rate (Dowling, 2007).
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Figure 4. 6. Stress-strain curve from uniaxial mon@ compression of a 15 mm cubic
shortening specimen at 40 mm fiand photographs of macroscopic behaviour of
shortening specimens at a given strain. Inset slaowther shortening specimen
compressed to 0.46 strain
By looking at Figure 4.6, one can see that thesstm/ershoot region is related to the
formation of a shear failure almost at the cenfrthe cubic specimen. At the maximum

stress of the stress overshoot the shear-failucerbes visible and the failure becomes

more pronounced as the stress decays. When stragsapplied to a material specimen
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work must be done, and during purely elastic de&diom all the work is stored as
potential energy (Dowling, 2007). For materialstthadergo plastic deformation (e.g.,
shortening) there is an expenditure of potentiatrgy prior to failure (Liu, 2005).
Materials that undergo plastic deformation areechtluctile materials. Failure of ductile
materials usually occurs by glide or slip, wherelg part of the body is sheared against
the other (Liu, 2005). By looking at Figure 4.6eocan see that vegetable shortening

seems to be failing by slip, so that the strairgyés converted into plastic work.

It is important to emphasise that ductile, not tleritfailure, occurred in the cubic
shortening specimens. In Figure 4.6 it appearsdbparation of parts of the specimen
has occurred. This is actually an artefact assattiaith illumination of the specimen as
a result of shadows forming due to displacemerdn#f part of the specimen relative to
another about the slip plane. In the inset to FEgti6 another specimen deformed to
0.46 strain is shown, and no separation of the ismet into two parts is observed.
Further evidence of the absence of crack formati@apparent in the elastic recoil of the

entire specimen in Figure 4.12.

Also from Figure 4.6 one can see that the finapshaf the compressed specimen is no
longer a cube since one of the sides is no long®&0adegrees from the compression
platen and the lower contact surface appears targer than the upper contact surface.
The change in shape of the specimen suggestshiahaterial’s Poisson’s ratio is no

longer close to 0.5 when the strain is larger thanhand from the photographs in Figure
4.6 it appears that there might be some fricti@figcts on the upper compression platen,

since the specimen does not slide as much as iothem surface.
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4.4.5 Conclusions from Monotonic Compression

From monotonic uniaxial compression of vegetablerteiming it can be concluded that
the rheological behaviour of shortening can be attarized by three distinct behaviours,
purely linear-elastic at small strains, strain leamidg and softening at intermediate strains
and pure plasticity at large strains. The Youngiedulus of vegetable shortening
obtained from monotonic compression is in the raofel85 to 371 kPa. Rate-
dependency effects were observed during the moiwtoompression of vegetable
shortening, and these effects were shown as a ehanthe shape of the stress-strain
curve rather than just an increase in the stredseyas the crosshead increases. Also the
frictional effects of the experimental set-up candonsidered negligible at strains below
0.5. It appears that the stress overshoot présehe compression stress-strain diagram
is related to the formation and propagation of aashfailure at the center of the

shortening specimen.

4.5.0 Cyclic Uniaxial Compression

Cyclic uniaxial compression tests can be used terggne the elasticity region of a
material. If a material is truly elastic the loagliand unloading curve would overlap, but
if the material has already suffered permanentrdeition and is therefore in the plastic
region the unloading curve will not overlap thedwey curve (i.e., hysteresis occurs) and
the strain will not return to zero when the loaddmoved from the material (i.e., plastic
deformation). The unloading modulus gives a purelgstic modulus whereas the
loading modulus is comprised of the elastic andtmlacompliance (de With, 2006; Goh

and Scanlon, 2007). Furthermore the loading ctwvesubsequent cycles will start at



118

strains larger than zero and will run parallelie tther loading curves i.e., the loading

curves will not overlap due to the permanent de&drom.

4.5.1 Determination of Initial Yield Strain

Two types of cyclic compression were performed myihis research project: with an
initial compression of 0.3 mm and increments in pogssive distance of 0.3 mm (Figure
4.7); initial compression of 1.0 mm with incrememscompressive displacement of 2.0
mm (Figure 4.8 and Figure 4.9). It was observett thegetable shortening exhibits
permanent deformation even at the small straif?®{Rigure 4.7a), since the loading and
unloading paths do not overlap and there is awesistrain when the load is removed as
shown in cycle 1 of Figure 4.7a; this is in agreetwaith the results of Goh and Scanlon
(2007) who reported that the yield strain of shairtg was well below 2%. A yield strain
below 2% is difficult to measure with the currexperimental set up, because results
obtained from compression tests with strains be2étvare likely not accurate due to the
variability of the height within a specimen; Kloek al (2005) found that having test
pieces lacking complete flat ends caused scatténdanvalues of the yield strain. The
specimens used in the current research are notletatypflat on the top and bottom
contact surfaces causing the stress to be non-hemeogs at small strains and to lead to
an increase in compliance, which is readily appairefrigure 4.7. Due to the specimen
preparation technique and the measuring instrumesesl, the specimen height could
only be kept within 0.5 mm (3.3%) of the targetdtiof 15 mm, and this potential

variability is already bigger than 2% strain (0.3Jnm
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Figure 4. 7. Average cyclic uniaxial compressiowedetable shortening at 4 mm min
(a) First two cycles up to 4% strain and (b) foycles up to 8% strain. Error bars are one
standard deviation
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From Figure 4.7a it can only be concluded thatititeal yield strain &) is below 0.02.
This upper limit forg; should be taken into account when trying to dgvelanodel to

predict the rheological response of vegetable short), which is discussed later in this

thesis.

4.5.2 Rate-Dependency Effect during Cyclic Compresm

Similar to monotonic compression, cyclic compressexhibits the rate-dependency of

vegetable shortening (Figure 4.9). The cyclic coeapion results are in agreement with
the monotonic compression results; for vegetablartshing the true stress does not
increase as the crosshead speed increases, allrifes lay within each other’s error bars

so that the stress peaks are not significantlyedsfit between the various crosshead
speeds (Figure 4.9). However, the stress oversireatextends over a larger strain range
as the crosshead speed increases, just as it lmaphaing uniaxial monotonic

compression tests.

Also as with the monotonic compression the largesp in stress in the overshoot region
occurs at the lowest crosshead speed (4mni)miooking at Figure 4.8, one can see
that a maximum stress of approximately 12 kPa tlec drops down to approximately
10 kPa in cycle 3 at 4 mm minthis values correspond to stress values at elgniva

strains during monotonic compression (Figure 4.8).
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Figure 4. 8. Comparison between average cyclicramdotonic compression of
vegetable shortening at 4 mm minEach curve is the average of 9 specimens wittethr
different contact areas and error bars are onelatdrdeviation
From Figure 4.9, it appears that the rate of unfgadoes not affects the slope of the
unloading curve. From the unloading curve the adilog modulus can be calculated and

be used as a measurement of the elasticity of aeriakat The following section describes

how the unloading modulus was calculated.
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Figure 4. 9. Average cyclic uniaxial compressiovedetable shortening at three
crosshead speeds. Each curve is the averagepetBrens with three different contact
areas and error bars are one standard deviats®iestted strain values

4.5.3 Determination of Unloading Modulus

The unloading modulus can be used as a measune efdsticity remaining in a material
after it has been deformed. If the deformatiosnsaller than the yield strain then the
unloading modulus and the modulus of elasticEy &re equivalent (de With, 2006).
However for large strains the loading modul&3 lfas elastic and plastic components,

unless the material is completely elastic, whichasthe case of vegetable shortening.

The unloading modulusE() is the tangent of the unloading portion of a sdrstrain
curve (Gunasekaran and Ak, 2003). Theoreticdtly,nloading process should be done

in a continuous manner at constant rates, but afityeit is impossible to change the
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direction of the compression-crosshead without fswing down and stopping. Under

the current experimental conditions, it was obsgtbat at the end of each loading cycle

the crosshead of the universal testing machine stading to slow down and later

stopping for a period of approximately 2 s, befordoading and starting to travel in the

upward direction. Therefore a procedure to deteenthe unloading modulus was

formulated to remove this systematic error:

1. The values of true-stress)(@gainst the values of true-strain for cyclic loading

at different crosshead speeds were plotted. Winegrosshead is not moving the
strain does not change, but the stress starts deealse and this behaviour is
shown essentially as a vertical drop in the stetssn diagram (Figure 4.10).
The lowest point of the vertical drop at the begugrof the unloading portion of
the strain-stress curve was located and the camelspg time was found in the
raw data given by the universal testing machinde fime period in which the
strain remains constant should be less than orldéqua.0s depending on the
crosshead speed used during testing (4, 40 or 40@in).

. The last data point of the vertical drop on thaististress curve was selected as
well as the next 20, 10 or 3 data points to ploh@. The number of data points
selected depended on the crosshead speeds, ssadala points were collected
at faster compression rates; so that at 4 mm'rdhdata points were used to plot
a line, while at 40 mm mih10 data points and at 400 mm fhid data points.

. Alinear trend line was fitted to the stress-stidéta described in step 2 using MS
Excel (Figure 4.10); the equation and the R-squaedde for the linear trend

were displayed. If the R-squared-value was greatequal to 0.99, the slope of
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this equation represented the unloading modulusthd R-squared-value was
smaller than 0.99 then the data described in st&ya® shifted to the next or
preceding data point (move up or down in Figuré}.antil the R-squared-value
was greater than or equal to 0.99.

4. This procedure (steps 1 to 3) was repeated fothifee unloading cycles to which
each 15x15 specimen was subjected and the aveahge aver three replicates of

the unloading modulus was calculated for each bexsss$ speed.

Last data
point of
vertical drop

True Stress

Slope =Ey

True Strain

Figure 4. 10. Schematic representation of one aydeading-unloading curve

Using steps 1 to 4 a plot of unloading modulus regjatirue strain was obtained (Figure
4.11). By looking at Figure 4.11, one can see thatunloading modulus of elasticity
changes as the strain on the shortening increadss.maximum value for the unloading
modulus (743 kPa) was found at approximately 4% strain and after this strain the

unloading modulus decays as the strain increasgerdiess of the crosshead speed.
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Since from Figure 4.11 one can see that the umgaaiiodulus is not rate dependent with
the error bars of the unloading modulus overlappiitlp one another at the different
crosshead speeds. The non rate dependency of lkbedimg modulus is expected since
the unloading modulus is related to the elastipgase of shortening and elasticity is a

rate independent behaviour.
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Figure 4. 11. Average unloading modulus for velgletahortening as a function of true
strain. Each curve is the average of three 15xdBehing specimens and the error bars
are one standard deviation
The unloading modulus calculated from the cyclipesimental compression cannot be
used to describe the purely elastic response oétabte shortening in its undisturbed
native structure, sincgy is changing as the strain increases as a resuhaftening

having a plastic component. However this unloadimgglulus is a measurement of how

elastic is the material after it has been subjettethrge deformations. The values
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obtained give a range of values that can be usegttmate the purely elastic modulus
(Young's Modulus) of vegetable shortening. As saerrigure 4.11, the value of the
unloading modulus obtained from cyclic compresgasts is between 216 and 743 kPa.
This range of values was assumed to cover the rahgalues for the modulus of
elasticity €) when developing a model to simulate the rheoklgiesponse of shortening

(Sections 4.9.0 and 4.10.0 of the current chapter).

The change in the unloading modulus as a functiostrain could be attributed to a
change in the microscopic structure of vegetablertehing, similar to the structural
change that occurs in metals and other crystadiotiels when subject to excessive plastic
deformation, such as dislocations or shear-bandoey With, 2006). The actual

mechanisms occurring in vegetable shortening habe®n determined yet.

4.5.4 Visual Analysis during Cyclic Compression

Photographs were taken during the unloading prooédsbx15 shortening specimens,
after being compressed by 6.5 mm, which is enoogtatise shear failure. The results
are shown in Figure 4.12. By looking at Figure24dne can see that even after
shortening has been compressed by 6.5 mm (Figligb).it retains a significant degree
of elasticity since as soon as the compressioemplstiarts to go up (Figure 4.12c) there is
a recovery in height. If vegetable shortening dimt have any elasticity left after

compression, the specimen would not be able tovezcany height. Approximately 31%

(2/6.5 *100%) of the compressed distance is raprdlgovered after the compression
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platen is removed from the vegetable shorteningispm, and this occurs after the

specimen has experience shear failure (Figure 1.12d

Figure 4. 12. Unloading process of a 15x15 shantgspecimen. (a) Undeformed
specimen, (b) specimen compressed by 6.5 mm, écjrapn unloaded by 1 mm and (d)
specimen after completely unloaded

4.5.5 Conclusions of Cyclic Compression

Cyclic compression of vegetable shortening revettiad the yield strain is below 0.02.
The unloading modulus is not rate dependent anchhadue between 216 and 743kPa

which was dependent on the strain at which the mogdwas calculated having a
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maximum value at a strain of 0.04. By taking plgoaphs during the unloading part of
cyclic loading, one is able to conclude that despiite shear failure observed during

larger strain compressions, vegetable shorteniagisgns are still very elastic.

4.6.0 Compressive Creep Test

Materials can be categorized by their creep resgansruly elastic material when subject
to a constant stress would show a constant stsaiim& passes, a viscous material on the
other hand would show a linear increase in strairtime passes (Steffe, 1996). The
creep response of vegetable shortening (Figure) 4s18omething in between a truly

elastic and a viscous material and for this reasgegetable shortening is sometimes

classified as a viscoelastic material (Rao, 2007).

Shortening samples were subjected to differenssétby changing the applied load (0.5,
2.5 and 5.0N) and the specimen contact area (122.5x22.5 and 30x30mm); sample
results are shown in Figure 4.13. The load wasiep@t a rate of 400 N's since the
load should be applied instantaneously during ctests. The shape of the creep curves
are very similar no matter what the loading cowdisi were as shown in Figure 4.13. The
curves in Figure 4.13 show the true strain increasvith time but the rate of change
becomes smaller as time passes and the strainah@®a constant value or equilibrium
strain, which is a characteristic behaviour of scoelastic solid (Kinsella, 1987; Steffe,

1996; Rao, 2007).
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Figure 4. 13. Average compression creep testteefrl vegetable shortening subjected

to three different stress conditions. Each curtbésaverage of three specimens and error
bars are one standard deviation calculated fronsdhee three specimens

The equilibrium strain was measured asytietercept of the fitted straight line to the last
200 data points of a strain-time curve obtainednducreep tests. The general trend is
that as the applied force increases and the sizbeotontact area decreases (i.e., the
applied stress increases) the equilibrium truarsirereases; this was an expected result
due to the direct relationship between stress drains The equilibrium true-strain
values range from 0.02 when shortening is subjetited.56 kPa (0.5N applied to a

30x30 specimen) to 1.00 when subjected to 22.2(5Raapplied to a 15x15 specimen);

the range of values for the equilibrium strain gttewn in Figure 4.14.
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Figure 4. 14. Creep test results for vegetabletshimg specimens subjected to three

loading conditions, showing the maximum, intermeglend minimum equilibrium strain.
Each curve is the average of three curves and leargrare one standard deviation

4.6.1 Compliance and Viscosity from Creep

Creep tests results are commonly shown in a cureerapressive creep compliand®) (

as a function of time. Creep compliance is therat strain as a function of time divided
by the constant stress. After sufficient time passed it can be assumed that the creep
response is purely viscous and two material parersietan be obtained from the linear
portion of the compliance versus time curve; theammeters are the biaxial viscosity
(n7v) and the biaxial complianc®f) (Rao, 2007). Biaxial viscosity is the inversetioé
slope of the linear portion of the compliance-timeve that is reached after a certain
amount of time has passed in a creep test. Facaefastic solid the slope would be zero

(a horizontal line) and the biaxial compliancehsy-intercept of the linear portion of the
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compliance time curve (Steffe, 1996; Rao, 200)order to obtain the biaxial viscosity
and biaxial compliance from the creep tests datproxedure was followed that is
described here:

1. The first step to find7, andDy was to convert the true-strain versus time curve
into compliance-time curve. Compliance was caltealaby dividing the strain
values at a given time by the stresses at the same Note that the stress was
not constant during creep test, since the contaet\@as changing with time even
though the force remained constant.

2. Once the compliance was calculated for each ofrépécates, the values were
averaged. The last 20 seconds of the average mpltime data
(approximately 200 data points) were plotted anlth@ar trend line was fitted
through them using MS Excel. The equation forlitear trend was displayed.

3. From the equation of the linear trend the slopethedy-intercept were extracted.
The inverse of the slope was reported as the biaisaosity (7,) and they-

intercept was reported as the biaxial compliamgg. (

Following steps 1 to 3 the biaxial viscosity andi@l compliance for vegetable
shortening subjected to the different loading cbads were calculated; the values gy

andDy, are shown in Figures 4.15 and 4.16 respectively.
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Figure 4. 15. Average biaxial viscosity of shortenas a function of engineering stress
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Figure 4. 16. Average biaxial compliance of shadrtgras a function of engineering
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The biaxial viscosity values of vegetable shortgname dependent on the amount of
stress at which they are measured. The highesé vakasured was at approximately 2.8
kPa. At stresses higher than 10 kPa, the viscagipears to be approaching a constant
small value, but further testing is required tocbeaclusive. The biaxial compliance also
varies with the stress, between 0.5 and 10 kPactimepliance decays as the stress
increases, beyond 10 kPa the compliance increasthe @tress increases. By looking at
Figure 4.15 one can see the viscous-like behawbuegetable shortening. Shortening is
getting more resistant to flow as stress incre&ses certain value (2.8 kPa), but once
exceeded shortening starts to behave more lilkgpuadlthan a solid, hence the decrease in
viscosity (Figure 4.15). This increase and decreaaseiscosity is reminiscent of the
change in elastic modulus values observed in seetib.3. From Figure 4.16 one can
conclude that increasing the stress applied totshioig increases the compliance, and
higher compliance is a characteristic of matettilaég can be classified as liquids (Steffe,

1996).

4.6.2 Conclusion from Compressive Creep Tests

Vegetable shortening can be classified as a viastielsolid, since its true strain-time
curve obtained during compressive creep tests séerbs approaching an equilibrium
stress in the long term, but this equilibrium sretanges with the amount of stress
applied to specimens. The biaxial viscosity ane steady state compliance are not
constant as the applied stress increases. Incgeden applied initial strain causes

shortening to behave more like a liquid with lowescosity and higher compliance.
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4.7.0 Compressive Stress Relaxation Test

During stress relaxation tests a constant defoomatr strain is held for a period of time.
As time passes the stress in the material startdetay until an equilibrium point is
reached which can be zero or greater than zerendépy on whether the material being
tested is liquid or solid. The stress relaxatianve is different depending on the type of
material tested; a perfectly elastic material wilow no relaxation, an ideal viscous
material will show instantaneous relaxation, whaleviscoelastic material will show a

gradual decay in stress with time (Steffe, 1996).

4.7.1 Specimen Size Effect during Stress Relaxatidrests

The effect of the specimen size was also investthaturing stress relaxation tests.
Student t-test comparisons (95% confidence interQatail) were done between the
different specimens size in order to determinehié tstress after 20 minutes was
significantly different between specimens of diffiet sizes compressed to the same

initial true strain. The results of the differertest comparisons are shown in Table 4.4.

A total of 18 comparisons were made and 10 of tlaare not significantly different, so
it was concluded that the specimen size did netcathe stress measurements during the
stress relaxation tests and therefore the stress<urves were plotted from the average

of 9 specimens (3 replicates and 3 different sizes)
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Table 4. 4. Student t-test comparison betweensstrasies at 20 minutes of stress
relaxation tests for specimens of different sizes.

Crosshead Initial true Specimen size  T-test value (95%  Significantly

speed strain comparison (mm) Confidence, 2 tail) different
(mm min’) (Yes/No)
4.0 0.0339 15vs. 22,5 0.00883 Yes
4.0 0.0339 15vs. 30 0.00517 Yes
4.0 0.0339 22.5vs. 30 0.00199 Yes
4.0 0.1431 15vs. 22,5 0.13458 No
4.0 0.1431 15vs. 30 0.98645 No
4.0 0.1431 22.5vs. 30 0.12502 No
4.0 0.4055 15vs. 22,5 0.01617 Yes
4.0 0.4055 15vs. 30 0.00789 Yes
4.0 0.4055 22.5vs. 30 0.08189 No
40.0 0.0339 15vs. 22.5 0.01640 Yes
40.0 0.0339 15 vs. 30 0.08334 No
40.0 0.0339 22.5vs. 30 0.00728 Yes
40.0 0.1431 15vs. 22.5 0.05423 No
40.0 0.1431 15 vs. 30 0.00306 Yes
40.0 0.1431 22.5vs. 30 0.51956 No
40.0 0.4055 15vs. 22.5 0.59166 No
40.0 0.4055 15 vs. 30 0.29454 No
40.0 0.4055 22.5 vs. 30 0.05010 No

4.7.2 Classification of Shortening from Stress Rekation Response

According to the stress relaxation test resultsaioktd for vegetable shortening,
shortening can be classified as a viscoelastid doicause there is a gradual decay
towards an equilibrium stress which is greater tzeno (Figure 4.17). Vegetable
shortening specimens were subject to three diffadeformations (0.5, 2.0 and 5.0 mm)
and the basic shape of the relaxation curve issdme for these different loading
conditions, but the equilibrium stress is differdepending on the loading conditions. If
the applied strains were in the linear viscoelaggon of shortening the stress relaxation
curves would overlap one another (Steffe, 1996) this is not the case for the selected

compressive strains.
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Figure 4. 17. Average stress relaxation curveségetable shortening after three
compression distances applied at an initial ra#0afnm mir*. The curves are the
average of nine specimens and error bars are andast deviation

The equilibrium stress for the different stressaxation treatments was calculated

following the next steps:

1. The true stress-time curve was plotted for eaclthef 18 treatments of stress
relaxation tests.

2. The last 20 seconds of the stress relaxation vests selected and a linear trend
line was fitted through these data points, usingBA8el. The equation of the line
was displayed.

3. They-intercept of the fitted linear trend line was repd as the equilibrium stress.
The average of the three replicates per treatmex#t @alculated and plotted

against the initial applied true strain (Figure8}.1
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The equilibrium stress increases as a functionpplied initial strain. By looking at
Figure 4.17, one can see that when the initialiaggtrain increases from 3.4% to 14.3%
there is a three-fold increase in the final stredse (equilibrium stress). However when
the initial applied strain increases from 14.3%1005% the increases is not significantly
different since the two curves lie within each otherror bars. The equilibrium stress
appears to remain constant after the strain inessheyond 14% (Figure 4.18). Because
the equilibrium stress of vegetable shortening fema&onstant in a large range of
stresses (14 to 41%) and is not equal to zero,ithidies that vegetable shortening

behaves like a viscoelastic solid even at largerdedtions.

¢ Stress relaxation treatments

—#- Average at a given strain

Equilibrium Stress (kPa)

0 T T T T T T T T
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45

Initial True Strain

Figure 4. 18. Equilibrium stress as a functiostodin; each hollow data point represents
the average result of three replicate treatments.sblid data points are the average at a
given applied strain and the error bars are onmedata deviation
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4.7.3 Rate Dependency during Stress Relaxation

During a stress relaxation test, theoretically ¢bastant deformation should be applied
instantaneously (Menard, 1999) but this is impdssiimn real life due to physical
limitations of the universal testing machine or artlger measuring device. Two initial
loading rates were investigated (4 and 40 mmi‘iia try to qualify the rate dependency
of shortening during the stress relaxation tesigufé 4.19 shows that as the initial
loading rate increases there is also an increageitrue-stress at a given time during the

holding period (18 minutes) of the stress relaxatests.

10

—— Compression: 0.5mm Loading Rate: 4mm/min
—-8- Compression: 0.5mm Loading Rate: 40mm/min
8 —— Compression: 5.0mm Loading Rate: 4mm/min

—#- Compression: 5.0mm Loading Rate: 40mm/min

True Stress (kPa)

0 : : : : :
0 200 400 600 800 1000 1200
Time (s)
Figure 4. 19. Stress relaxation curve for vegetahbrtening after compression to two
distances (0.5, 5.0 mm) at two initial loading sa¢4, 40 mm mit). The curves are the
average of three 15x15 specimens and the erroabarmsne standard deviation from the
same three specimens

The results of Figure 4.19 suggest that a highaditay rate (40 mm mit) can cause

shortening to undergo more hardening and for thé&son the stress at a given time is
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higher as compared to a lower loading rate (4 mm'niThis result is not uncommon of
rate-dependent materials which can show higherss#se when subjected to higher

loading rates (Gunasekaran and Ak, 2003; Goh aadI&t, 2007).

4.7.4 Stress Relaxation Time

The stress relaxation time'() is defined as the timé) (it takes for the stress to decay to
el of its initial value @); this definition is derived from the Maxwell mddéor
viscoelastic materials which predicts the decas ofaterial fromap to zero stress and is

given by the following equation (Steffe, 1996):

-t
ot)=o0,e" [4.1]

The stress relaxation experiments revealed thatnwéeshortening specimen was
subjected to large true strains (14 and 40%) itssstwas not able to deceay (~36.8%)

in 20 minutes; therefore the stress relaxation tecoeld not be obtained for these
specimens. Only when the strain was kept at apmately 3.3% (compression by
0.5mm) were shortening specimens able to detayf their initial stress. During small
strain experiments the overall structure of makeiim less affected and it is possible for
bonds to break and reform which may result in rafiax and flow (Kloek et al, 2005) in
a shorter period of time. When large deformati®rapplied to food products such as
vegetable shortening, the initial structure isviensibly altered, bonds are permanently
broken and the structural elements may rearrangeriaw manner (Kloek et al, 2005);
therefore the relaxation behaviour is changed dwsrtictural changes undergone during

large deformations.
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The relaxation time for shortening at low strair3¢8) is shown in Table 4.5. Table 4.5
shows that the size of the specimen affects tlaxaéibn time. In general it can be said
that increasing the contact area increased theata time, except for one of the
treatments (30x30 at 4mm/min). As discussed eafi®mm was the limit of accuracy
during the preparation of specimens; therefore mot advisable to derive any definite
conclusions from measurements done after compgessamples by 0.5 mm. It is

possible that the lack of homogeneity in dimensicars account for the variability in the

relaxation time.

Table 4. 5. Parameters used to calculate relaxatienof vegetable shortening at 3.3%
constant strain (0.5mm deformation)

Specimen Initial Loading Rate  Average decay Average Relaxation

Dimensions (mm) (mm min) stress ofgie™ (kPa) Time (s)

15x15x 15 4 2.15 117.5
225x225x 15 4 3.11 552.6

30x30x 15 4 1.64 31.3

15x15x 15 40 2.35 132.0
225x225x 15 40 2.59 438.8

30 x 30 x 15 40 2.16 530.7

4.7.5 Compressive Relaxation Modulus

The compressive relaxation modulli(f)) is a factor that relates the stress to the strain
during stress relaxation tests (cf equation 2.23)e compressive relaxation modulus can
be calculated by dividing the measured stress dutie relaxation test by the applied
strain, and then these values can be plotted ashetidn of time Egr(t) vs. t). To
characterize the relaxation modulus behaviour oftshing, they-intercept of this plot
extrapolated from the almost horizontal portiontloé curve obtained from the last 20
seconds of the stress relaxation test was takeheabng term compression relaxation

modulus. The general trend for the long term c@®gon relaxation modulus shows a
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decrease in the relaxation modulus as the apptrathsncreased (Figure 4.20). This
decay in relaxation modulus as the applied stnagmeiases is similar to the unloading

modulus decay seen during cyclic compression ggstin
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Figure 4. 20. Long term relaxation modulus as &ftion of initial true strain; each
hollow data point represents the average resthret replicate treatments. The solid
data points are the average at a given appliesh stral the error bars are one standard

deviation

4.7.6 Conclusions from Stress Relaxation Tests

From its stress relaxation response, vegetabletesting can be classified as a
viscoelastic solid because an equilibrium stresatgr than zero is reached no matter the
amount of strain applied to the specimens. Thélibum stress value is dependent on
the amount of strain applied to the specimen. Rafendency was observed during
stress relaxation of shortening; the faster thgainioading the higher the value of the

true stress at a given time. The long term relaramnodulus of vegetable shortening
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decreases as the applied strain increases. Téss stelaxation data can be used to

calibrate viscoelastic models and this is the faxfusection 9 of this chapter.

4 .8.0 Uniaxial Monotonic Indentation

Uniaxial indentation testing has been widely usedestimate material mechanical
properties (Habbab et al, 2006). Indentation teatsbe done on specimens of any size
even micromaterials and materials in service wbdepressive and tensile test require
the preparation of standard specimens, and sindentation is essentially non-
destructive it can be performed on very specificalcareas (Jeon et al, 2006), it has a
great potential to be used as a routine test falitgyucontrol of materials, including

vegetable shortening.

4.8.1 Specimen Size Effects during Indentation

Results of a typical indentation test are preseatea@ load-depth curve, which records
the continuous variation of indentation depth withd applied by an indenter of specific
shape. For this particular study a self similar 4Balf angle) conical indenter was
selected. The indentation was carried out on spats of two different contact areas to
observe specimen size effects. Figure 4.21 shbeddad-depth curve for vegetable

shortening specimens of two contact areas.
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Figure 4. 21. Indentation response of vegetableshimg specimens of two different

contact areas at indentation rate of 400 mmi'm@urves are the average of three
replicates and error bars represent one standaratioa

According to Anand (2001) the specimen dimensicas io fact affect the indentation

results, but only if the indentation depth is veagge compared to the lateral dimension
of the specimens. As seen in Figure 4.21, theageereaction force at indentation depths
below 0.75 mm is very close between specimens wbws sizes, but as the indentation
depth increases beyond 0.75 mm the force of th&3 Specimens is higher than that of
the 30x30 specimens. However, the variabilityha teaction force between specimens
of the same size was greater for 15x15 specimemsftr the 30x30 specimens, as seen
by the error bars in Figure 4.21. The data poinotgtie 15x15 specimen curve have error
bars that include the values for the force respafighe 30x30 specimens, and the error

bars of the 30x30 specimen data points are withenetrror bars of the 15x15 specimen
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curve; therefore it can be concluded that specirsze during the indentation of

vegetable shortening does not affect the indemtagsponse.

4.8.2 Rate Dependency during Indentation

As seen in the monotonic and cyclic uniaxial corapi@n, vegetable shortening has a

rate-dependency that affects the shape of thessétesin curve rather than just increasing

the stress values at a given strain as the loaditegincreases. The rate-dependency

during uniaxial monotonic indentation was also stigated during conical indentation

and the results are shown in Figure 4.22.
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Figure 4. 22. Indentation response of vegetaldetshing 15x15 cubic specimens
loaded at four different crosshead speeds. Eaate gsithe average of three replicates

and the error bars are one standard deviation
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By looking at Figure 4.22, one can conclude thatate dependency is apparent during
the conical indentation of vegetable shorteninggeithe force error bars of each of the
curves overlap at almost every given indentatioptlde In order to confirm the rate

independence during indentation a student t-teil® paired, 95% Confidence Interval)
was done at an indentation depth of 2.5 mm betwkenforces measured during the

indentation of vegetable shortening at differelieintation rates. The results of the t-tests

are shown in Table 4.6.

Table 4. 6. Student t-test comparison between foreasurements obtained from
indentation of cubic 15x15 vegetable shorteningspens at four indentation rates
Comparison between Student T-test value (95% Significantly Different

indentation rates (mm nif)  confidence interval, 2 tails) (Yes or No)
0.4vs. 4.0 0.609639 No
0.4 vs. 40.0 0.043913 Yes
0.4 vs. 400.0 0.129851 No
4.0vs. 40.0 0.020304 Yes
4.0 vs. 400.0 0.142573 No
40.0 vs. 400.0 0.652971 No

Looking at Table 4.6 one can see that six compasiseere made from which four are
not significantly different; therefore confirminge observations made in Figure 4.22 that

no rate dependency was observed in the indentatieegetable shortening.

4.9.0 Simulation of Vegetable Shortening as a Viselastic Material

It has been suggested in the literature that lijgkd-foods have viscoelastic behaviour
(Shellhammer et al, 1997; Wright et al, 2001; Gbhle2004a; Rao, 2007), and for this
reason it was decided to investigate the use ofseoglastic model to simulate the

mechanical response of all purpose vegetable stioge
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Viscoelastic behaviour can be observed in a nunabeests, but most clearly when
performing tests such as creep and stress relaxa@oeep and stress relaxation tests can
be performed under shear, uniaxial or triaxial i@msand compression. Uniaxial
compression tests were used because of their sitgydh perform and the availability of

a universal testing machine.

4.9.1 Abaqus Viscoelastic Model

Time-dependent viscoelastic materials, in whictsigative losses are primarily caused
by internal damping or viscous effects, can be reabeising the VISCOELASTIC
option in the material properties section of AbaquBhe viscoelastic material model
describes isotropic rate-dependent material behavib has to be used with elastic
models, such as ELASTIC, HYPERELASTIC and HYPERFQAMcan be used in
large-strain problems and can be calibrated usiagpctest data, relaxation test data, or

frequency-dependent cyclic test data (Abaqgus, 2006)

For this particular study ELASTIC and VISCOELASTIifiodels were selected from the
mechanical models available in Abaqus/CAE versidh Bhe Abaqus elastic model is
just a general linear elastic model that is congiyetlefined by two parameters, the
Young’s modulus or modulus of elasticitif)(and the Poisson’s ratia/)( The elastic

model is visualized as a spring in which the st{e%ss directly proportional to the strain
(&), with the proportionality constant being the minguof elasticity, as shown in

equation [2.7], which can be rewritten as: E¢.
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The Abaqus viscoelastic model is based on the géped Maxwell model (Peleg and
Pollak, 1982) that is generally visualized as ahgas connected in series to a spring and
is mathematically described with the following etijoia:

olt)=0,+Y(t) [4.2]
wheret is time, ¢ is the equilibrium stress and(t) is the relaxation function that is
generally modeled as a Prony series, which has thematical expression of the

following form (Chen, 2000):
N’ G
> gfet™  [4.3]
i=1

where g° and 7° are material constants in the viscoelastic modigl,is the total

number of elements in the series amtime, which is not a constant.

4.9.2 Abaqus Viscoelastic Model Input

Abaqus can be used to evaluate the behaviour obeliastic materials by automatically
creating a response curve based on creep or sélegstion test data. However Abaqus
can only use creep and stress relaxation data Waumetric (triaxial) deformation tests

or shear deformation tests or by using data froth bets of these tests.

Volumetric deformation occurs when a material speci is subjected to uniform normal
forces on all of its faces (Ferry, 1970). A schemetpresentation of a volumetric test is

shown in Figure 4.23.
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Figure 4. 23. Volumetric or triaxial compressioncobic material specimen

If a constant pressur®d) is suddenly applied on all of the faces of a spen and the
volume change4V) is followed as a function of time&)( a bulk or volumetric creep

experiment is being performed and the bulk creeppdiance B) can be calculated using

the equation [2.22], repeated here for conveniéRery, 1970):AV—V (t) = -PR,B(t).

The left hand side of equation [2.22] is calledwninal strain and is defined as the
relative change in volume of the body. Positiveng®in volume is called dilatation

while negative change is compression (Ferry, 1970).

One of the disadvantages of bulk tests is that tegyire complex measuring devices and
for this reason are generally used in materialsdbang their applications are subjected
to homogeneous forces on all of their faces simalbasly such as soils and structural

components under hydrostatic pressure; the volutnédst is rarely used in food
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materials because it is harder to correlate thatsewith textural attributes (Gunasekaran

and Ak, 2003).

Simple shear deformation occurs when two oppoaited of an element are displaced by
sliding (Figure 4.24a), while uniaxial compressdeformation occurs when an element
is compressed by two forces of equal magnitudengqterpendicularly on two of the

faces of the specimen (Figure 4.24b).

Force l Force
Force Force T
(a) (b)
Figure 4. 24. Simple shear deformation (a) andmressive deformation (b) of a square
specimen

Simple shear tests and uniaxial compressive testbe performed with universal testing
machines. According to Ferry (1970) simple comgims tests, such as uniaxial
compressive stress relaxation and creep testsecagldied to shear stress relaxation and
creep tests using equations [2.24] and [2.29] sy, provided the material is

homogeneous and incompressible:

G(t) = ER3 ®© 224

J(t) =3D(t) [2.29]
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wheret is time, G(t) is the shear stress relaxation modulus functidk(t) is the
compression stress relaxation modulus functidf) is the shear creep compliance

function andD(t) is the compression creep compliance function.

Raw compressive experimental data were recordedor@e and displacement, the
displacement was converted into strain using the $train [equation 2.5] and the force
into stress assuming incompressibility [equatio®].2.Then the compressive stress and
the compressive strain were converted into thesstrelaxation modulugg(t)) for stress
relaxation tests and into the compressive creeppliante D(t)) for creep tests. The
compressive modulus and compliance were conventedtheir shear counterparts using
equations [2.24] and [2.29]. Once the test comppas$ata were converted into shear test
data, Abaqus requires the experimental data todomalized to create dimensionless
data; only then can Abaqus calculate the parameggrsred to simulate the viscoelastic
behaviour of materials. The normalized paramefi@rstress relaxation test data were

calculated using equation [4.4] and for creep tesiisg equation [4.5]

)
90 =75 [4.4]
s (1) =Gy3 (1) [4.5]

wheregr is the normalized shear modulus{@r < 1), js is the normalized shear creep
compliance j > 1), andGy is the instantaneous shear modulus. The instaotsnshear
modulus (o) is the ratio of the stress at time zero dividgdhe constant strain that is
applied in a stress relaxation test (Figure 4.26a) the constant stress divided by the
initial strain in a creep test (Figure 4.25b) (Abag2007). Gis a measurement of the

elasticity of a viscoelastic material during theahstress relaxation and creep tests (Rao,
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2007). G was obtained after converting the compressive ddtashear data using

equations [2.24] and [2.29].
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Figure 4. 25. Schematic representation of strdagason test (a) and creep test (b)
results for a viscoelastic solid (adapted from ¥et870 and Abaqus, 2007)

For stress relaxation data, Abagus assumes thatigsheelastic material is a Maxwell

solid andgr is defined by a Prony series expansion of theatig form:
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3 P ~t/ 18
gr(t) :1_zgi @-e"'") [4.6]
i=1
where N is the number of Prony elements used to get coevery gi", andr’® are

material constants that can be directly specifiedhat can obtained by inputting into
Abaqus the normalized shear modulgg, as a function of timet, in a tabular form.
Abaqus uses a nonlinear least-square fit to obteenparameters of the Prony series
(Abaqus, 2006). Another parameter required by Akaig the long-term normalized
shear relaxation modulugg(e0). The Abaqus curve fitting procedure uses the vafue

Or(e0) to constrain the numerical solution so that:
S =P
1_Zgi =ggr() [4.7]
i=1

As with the stress relaxation test data, Abaquscadculate the Prony series parameters
directly from a table of the normalized shear caame |, at a given time and using as a
constraint for the fitting solution the long-ternormalized compliancejg(x). The
normalized shear compliance and the normalizedrsk&ation modulus are related by
equation [4.8] (Abaqus, 2006):

1

=
Js() .0

[4.8]

4.9.3 Evaluation of Abaqus Viscoelastic Model

In order to evaluate the Abaqus viscoelastic modgllic and simple compression tests
on a 15x15 specimen were simulated in Abaqus/CASime 6.6-5. The simulations
were two-dimensional and axi-symmetrical; just like the cyclic compression

experimental data, three different crosshead sp@ed, and 400 mm niff) were used
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to observe the rate dependency of the materiale mibdel was calibrated with the

experimental data collected during creep and stedagation tests.

4.9.3.1 Calibration of Viscoelastic Model with Crep Data

During compressive creep tests a specimen is coiyrsabjected to a constant stress for
a given amount of time. However during the curnesearch project, creep tests were
done by applying a constant force and measuringditiglacement; the stress and the
strain can be derived from the force and displacgrata given time and a compressive
compliance D(t), can be calculated by dividing the true strainrabe true stress at a

given time, equation [4.9] (Rao, 2007).

D(t) :% [4.9]

This compressive compliance is then multiplied hg instantaneous shear moduss
and a factor of three (because of incompressibility obtain the normalized shear
compliancejs, as shown in equation [4.10] (Abaqus, 2006; Felr®y,0).

j.(t)=3D()G, [4.10]
The instantaneous shear modulGs is related to the instantaneous compressive

complianceDy, in the manner shown in equation [4.11] (Rao, 26@#fry 1970).

[4.11]

The experimental data from three compressive ctegfs carried out on 15x15x15 mm
vegetable shortening specimens subjected to aamdnstad of 2.5N were averaged and
used to calibrate the ABAQUS VISCOELASTIC model.e§k experimental data were

selected because the force was high enough thahakerial was deformed well past its
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elastic region, but low enough that the overaludure of the specimen was not
completely destroyed. Theoretically, the instaatars compressive compliand@y,

should be calculated at the beginning of a crespwéen the time is zero as shown in
Figure 22b, but experimentally it was calculatedaedund 4 s, which was the time

needed to achieve a constant load of 2.5N by thesrgal testing machine.

Once the normalized shear compliarjgewas calculated it was entered into Abaqus as a
table of normalized shear compliance values agatimee. The ELASTIC and
VISCOELASTIC models were selected. The modulus lekteity, E, used in these
models was obtained using the Excel Solver functeomd monotonic uniaxial
compression test data (further described in Seclid®). Vegetable shortening was
assumed to be an incompressible solid followingwoek of Goh and Scanlon (2007);
therefore, the Poisson’s ratio, was taken to be almost 0.5. For the VISCOELASTIC
model the number of Maxwell elements needed wasctael on a trial and error basis.
An initial value of 1 was input into Abaqus andcgrthere was no convergence between
the input data and the solution to the Prony setiesnumber of Maxwell elements was
incremented manually by one, until Abaqus foundvengence between the input data
and the solutions to the Prony series. The long termalized shear compliangg»),
was the value of the normalized shear complian@9aninutes from the time the creep
test was started, which was the time the load vedd tonstant during the compressive
creep tests. The following parameters were entatedhe Graphic User Interface of the
Property Module of Abaqus/CAE:

* Material Behaviour 1Elastic



o

o

o
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Type:lsotropic

Number of field variable

Moduli time scale (for viscoelasticity)rong-term
Young’'s Modulus593 kPa

Poisson’s Rati00.4999

» Material Behaviour 2Yiscoelastic

o

o

o

o

o

o

o

Domain:Time

Time: Creep test data

Maximum number of terms in the Prony serigs:
Allowable average root-mean-square erto@l
Test DataShear Test Data

Long term normalized shear compliange»): 3.05

Data:js andTimeentered as eleven discrete points (Table 4.7)

Table 4. 7. Normalized shear compliance as a iomacf time,j(t), used to
calibrate Abaqus viscoelastic model.

is Time (S)
1.19329 8.26
1.73432 34.52
2.06826 87.38
2.13545 107
2.21074 134.26
2.36744 220.76
2.47253 311.26
2.53897 386.9

2.6191 502.58
2.78787 853.98

3.03235 1726.18
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4.9.3.2 Calibration of Viscoelastic Model with Stres Relaxation Data

A stress relaxation test consists of deforming ecspen to a specific displacement and
holding this displacement for a given amount ofefirwhile recording the force. From

the force and the displacement the true stressséirain can be derived so that a
compressive stress relaxation modulgg(t) can be calculated by using equation [2.23]

(Rao, 2007), which can be rewritten &s;(t) :&.

0

The compressive stress relaxation modullg(t), needs to be converted into a
normalized shear relaxation modulgg(t), by using equation [4.12], so that the value of
gr(t) should be greater or equal to zero and smallegoal to one (Abaqus, 2006; Ferry,

1970):

_Ee(®)
9r( =5 [4.12]

0
whereGy is the instantaneous shear relaxation modulusin@tantaneous shear modulus,
Go, Is related to the instantaneous compressive agtax modulus,Ey;, as given by
equation [4.13] (Ferry, 1970):

E

G, ==2

[4.13]

The instantaneous compressive relaxation modigswas taken to be the compressive
relaxation modulus at time zerdg0)) obtained from the data collected during

compressive stress relaxation tests.
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The experimental compressive stress relaxation fdata three 15x15x15 mm vegetable
shortening specimens subjected to a constant dafammof 0.5mm imposed by means
of an initial loading rate of 4mm nilnwere converted into shear data and normalized to
obtain gr, and these values were averaged. Once the nasdabhear relaxation
modulus, gr, was calculated it was input into Abaqus as a talfleshear relaxation
modulus values as a function of time. The ELASH@ VISCOELASTIC material
behaviours were selected from the list of mechamuadels available in Abaqus. The
elastic parameters were the same as the parametedswhen the VISCOELASTIC
model was calibrated with creep test data. As whih creep test data the maximum
number of terms in the Prony series was determimedrial and error basis until Abaqus
provided an output without error messages. Theg kenm normalized shear modulus,
gr(), was the value of normalized shear modulus at 2(utes after the relaxation test
had started, which was the maximum time that therdetion was held during the
compressive stress relaxation tests. The followpagameters were input into the
Graphic User Interface of the Abaqus property medul
* Material Behaviour 1Elastic

0 Type:lsotropic

0 Number of field variable

0 Moduli time scaleLong-term

0 Young's Modulus593 kPa

0 Poisson’s Rati00.4999

* Material Behaviour 2Viscoelastic

o Domain:Time
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0 Time:Relaxation test data

0 Maximum number of terms in the Prony series:

o Allowable average root-mean-square eréo@1l

0 Test DataShear Test Data

0 Long —term normalized shear relaxation modugj(so): 0.224

o Data:grg andTimeentered as eleven discrete points (Table 4.8)

Table 4. 8. Normalized shear modulus as a funafdime, gg(t), used to
calibrate the Abaqus viscoelastic model

gr(t) Time (s)
0.991 0.02
0.871 0.4
0.556 5.02
0.471 10.14
0.4 20.24
0.339 41.46
0.294 82.26
0.25 187.26
0.243 227.38
0.225 467.36
0.225 1134.7

4.9.4 Results from the AbaqusViscoelastic Model

The Abaqus viscoelastic model predicts perfect tielaecovery when the load is
removed from the sample, or in other words, themoi permanent or plastic deformation.
However this elastic recovery is not instantaneaftisr the sample is subject to large
strains, so if a loading cycle starts immediatdtgraunloading has been completed, it
may look like there is some permanent deformatibis, behaviour is shown in Figure
4.26 using a constitutive model which was derivexinf creep test experimental data,
where a cyclic compression test at a crosshead!sge® mm miit was simulated. The

specimen was subjected to a 1 mm compression utiieaded to 0 mm, subject to 3 mm
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compression, unloaded and compressed by 5mm, fetldwy a final unload to 0 mm.
The stress in loading cycle #3 shows zero valué approximately 0.03 strain and the
loading curve of this cycle runs parallel to theyous loading cycles. In reality, if a
new loading cycle does not start immediately afteloading to Omm, but starts after
some resting time has passed, then this permag@&rthtion is not observed and all the
loading curves overlap as shown in Figure 4.27is ©hclassic viscoelastic behaviour in

which the stress relaxation is time dependent.

800

—— Cycle 1: Compression to 1mm

700 7 8- Cycle 2: Compression to 3mm

600 | —— Cycle 3: Compression to 5mm

500 +

400

300 ~

True Stress (kPa)

200 ~

100 -

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45
True Strain

Figure 4. 26. Cyclic compression at 40 mm nivithout resting time between loading
cycles of viscoelastic material modeled by Abagsiagicreep test data
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800

—— Cycle 1: Compression to 1mm
700 ~

—-8-Cycle 2: Compression to 3mm
600 —&— Cycle 3: Compression to 5mm

True Stress (kPa)

0 .‘-? - T T T T T T
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45
True Strain

Figure 4. 27. Cyclic compression as in Figure 426 with resting time of 2000s
between loading cycles of viscoelastic material ebed by Abaqus using creep test data
Additionally, it can be seen that since the elagtmovery is not instantaneous after the
load is removed, the stress-strain curve obtainam the viscoelastic simulations shows
hysteresis during the unloading part of the cychenpression. The hysteresis is more
visible as the strain increases and this is relaidtie viscous component of the Abaqus

model, which becomes more dominant at larger stréeleg and Pollak, 1982; Abaqus,

2006).

Complete recovery after deformation cannot be skeing the cyclic loading of real
vegetable shortening; even at compressions snibder 1Imm real vegetable shortening
specimens show permanent deformation (Figure 4.28)e viscoelastic model on the

other hand shows complete elastic recovery afteyagimg from 1mm (0.07 strain) and
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hysteresis is barely visible at these low straf@sically at strains between 0 and 0.07 the
viscoelastic material simulated by Abaqus behavettypclose to a linear-elastic material.
The viscoelastic model also overpredicts the expenmial stress values by at least one

order of magnitude as seen in Figure 4.28.

140
120 —o— Vegetable Shortening
-8~ Viscoelastic ABAQUS

100 +
<
g
= 80
[2)
%)
g
n
o 60
—~
|_

40

20 - e

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07
True Strain

Figure 4. 28. Loading-unloading curve obtained frmompression at 40 mm mifrof a
15x15x15 vegetable shortening and simulation usin@qus viscoelastic model
calibrated with creep test data

4.9.5 Comparison between Creep and Relaxation Da@alibration

Similar results were obtained regardless of whetheep or stress relaxation data were
used to calibrate the Abaqus viscoelastic modejuiféi 4.29): stresses at a given strain
have similar values especially in the loading pathe cycle, and the overall shape of the
stress-strain curve for cyclic compression is vemnilar. However, when running

Abaqus with the viscoelastic model calibrated bgegr test data at least six Prony
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elements had to be used in order to get convergartbe simulation. On the other hand,
when calibrating the viscoelastic model with stredaxation test data only three Prony

elements had to be used. Tables 4.9 and 4.10 gt®walues of the material constants,

g’ and r° calculated by Abaqus from the stress relaxatiod areep test data

respectively.

700 | —®— Stress Relaxation Model Cycle 2: Compression to 3mm

--&-- Creep Test Model Cycle 2: Compression to 3mm .
600 1 —&— Stress Relaxation Model Cycle 3: Compression to 5mm ;2 .
--&-- Creep Test Model Cycle 3: Compression to 5mm

True Stress (kPa)

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45
True Strain

Figure 4. 29. Cyclic compression at 40 mm Thaomparing viscoelastic materials
simulated by Abaqus viscoelastic model calibratétl stress relaxation or creep test
data. Cyclic simulation was done as described iigureé 4.26 but the first cycle is not

shown for clarity

Table 4. 9. Prony series constant values calculagebaqus from stress relaxation data
I 1 2 3

g’ 0.32107 0.28416 0.17077

e (s) 0.88734 9.451 97.255
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Table 4. 10. Prony series constant values calailayeAbaqus from creep test data

I 1 2 3 4 5 6
g’ -0.13453 4.02160 -5.83480 2.53510 0.51040 -0.42566
r° (s) 1.6966 28.548 38.621 50.288 1862.1 2447.7

It is important to notice that the dimensionlessistantsg” can take the value of any

real number since they don’'t have a direct physigedning like the modulus of elasticity
and the Poisson’s ratio, and are just constantgtha the desired curve shape when used
in a Prony series which is part of the Maxwell cg\dn models that can be used to

mathematically describe the viscoelastic behavidumaterials.

Using the values shown in Tables 4.9 and 4.10ntrmalized data entered into Abaqus
to calibrate the VISCOELASTIC model can be backcalated, and these results are
shown in Figures 4.30 and 4.31. By looking at Fégd.30 one can see that when the
viscoleastic model is calibrated with stress refiaxatest data, the Abaqus input and the
values predicted using equation [4.6] and the Promystants from Table 4.9, almost
completely overlap with one another (Figure 4.8Q)t, when the model is calibrated with
creep test data and the constants from Table th&Qprediction is not as good, but still
acceptable (Figure 4.31). When using the strelsxation data, the root-mean-square
error for the fit was 0.23%. On the other hand, nvhising the creep test data the root-

mean-square error was 0.46%.
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0.7 1 ®m ABAQUS input data (Table 2)

0.6 - — Prony series prediction (N=3)
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Figure 4. 30. Comparison between input stress aélax test data (experimental) and
prediction of input data with Prony constants ckitad by Abaqus
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¢ ABAQUS input data (Table 1)

= Prony series prediction (N=6)
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Figure 4. 31. Comparison between input creep st @xperimental) and prediction of
input data with Prony constants calculated by Alsaqu
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Another difference between the model calibratedh witess relaxation and creep test data
was that the model calibrated with stress relaratest data shows a slower recovery
after deformation; this can be seen in Figure 42% larger hysteresis during unloading
and a larger ‘apparent’ permanent deformation vathgg 5mm of compression. This is to
be expected based on an inspection of the timetaissin Table 4.9 compared to Table
4.10. The larger time constants in the creepdaidbration make the stress decay faster
than when the time constants are small (Abaqust)200is important to notice that the
deformation only appears to be permanent but ilityahe model predicts a very slow
but total recovery. If not enough time is allowedpass then one might think that the
deformation is permanent, when in reality the vedastic model does not predict any

permanent deformation (Abaqus, 2006).

Abaqus provides a visual representation of theltesiiat shows the viscoelastic model
calibrated with stress relaxation data has an ‘egrpa permanent deformation after
compression to 3mm (Figure 4.32b), but after ttaal s removed there is a rapid partial
recovery of 2.3 mm (Figure 4.32c) and then a cotaplecovery after 870s of waiting

time.
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Figure 4. 32. Cyclic compression at 40mm Trsimulated by Abaqus viscoelastic model
calibrated with stress relaxation data: (a) undeéa specimen 15.0mm in height, (b)
specimen being compressed to 3.0mm, and (c) speaifter load is removed showing a

rapid recovery of 2.3mm

In contrast, the model calibrated with creep tedadhows a rapid partial recovery after
3mm compression to 2.6 mm (Figure 4.33c) and a &smpecovery after 420 s. The
rapid recovery is attributed to the elastic componef the model, while the time-
dependent recovery is due to the time dependenpaoemt of the model which is related
to the Prony series of the mathematical model. r8thee it can be stated that the
viscoelastic model calibrated with creep test dgjaears to have more elasticity than the
model calibrated with stress relaxation test daeabse of the larger time constants in
Prony series and the model calibrated with strelssation test data requires more time

to flow (i.e. more viscous) than the model calibthtvith creep test data because of the

smaller time constants in its Prony series.
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Rigid Compression Fixture
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Figure 4. 33. Cyclic compression at 40mm Théimulated by Abaqus viscoelastic model
calibrated with creep test data: (a) undeformedisgpen 15.0mm in height, (b) specimen
being compressed to 3.0mm, and (c) specimen aferis removed showing a rapid

recovery of 2.6 mm
The viscoelastic model calibrated with stress r&iax test data is more robust at larger
deformations than when calibrated with creep tesia,dsince it is able to handle
compression up to 7 mm without aborting the resilies to excessive deformation of the
elements in the mesh. This behaviour appears tatbelependent because at 4 mm™min
even the model calibrated with relaxation datanahle to handle the unloading after
being compressed to 7 mm, but at 40 and 400 mm’ rtie model is capable of
simulating unloading after 7 mm of compression. Albaqus viscoelastic model cannot

deal with excessive distortion at slow rates beeausequires very small iteration times

which cannot be handled by its current version @hlza 2006).
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4.9.6 Rate Dependency of Abaqus Viscoelastic Model

The literature review showed that vegetable shortgis a rate dependent material, since
its stress-strain curve varies depending on the eatcompression (Goh and Scanlon,
2007). An appropriate mechanical model for vedetaortening should predict rate
dependency during compression testing. The Abagsso@lastic model is a rate
dependent model (Abaqus, 2006). In order to masible the rate dependent behaviour
of the Abaqus viscoelastic model, simulations otlicy compression at different
crosshead speeds (4, 40 and 400 mmi‘jnivere done. An example of the results is
shown in Figure 4.34. By looking at Figure 4.3de@an see an increase in the predicted
stress at a given strain as the crosshead speezh$es. During the current research
project, rate dependent behaviour can also be w$eduring experimental cyclic
compression of the chosen vegetable shorteningthieuéffect is not an increase in the
stress as the crosshead speed increases butaathange in the shape of the curve with
a larger stress overshoot range (Figure 4.9); rerotvords the onset of what can be
considered as perfect plasticity occurs at largyairss as the crosshead speed increases.
Therefore, one can say that some modifications neede done to the Abaqus
viscoelastic model in order to properly predict tta¢e dependency of the vegetable

shortening used in the current research.
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Figure 4. 34. Loading-unloading curve after compi@sto 5 mm, showing the rate-
dependency of the Abaqus viscoelastic model caébdravith stress relaxation test data

4.9.7 Comparison between Abaqus Viscoelastic Modahd Experimental Results

The viscoelastic constitutive model calibrated fromaep and stress relaxation data was
applied to predict the compression test. During stmeple compression simulation the
Abaqus viscoelastic model predicts a fast incréaske stress at low strains just as seen
in the experimental results (Figure 4.35). Howetle Abaqus viscoelastic model
overpredicts the stress values by two orders ofnihade (note logarithmic scale gn
axis of Figure 4.35). Also, the Abaqus viscoelastimdel shows the stress increasing in
an exponential manner as the strain increases,tBmgehat does not occur in vegetable

shortening in which the stress seems to be reachimgximum stress at approximately
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0.05 strain that later decays until it reaches r@stamt stress beyond the 0.2 true-strain

mark (see Figure 4.35 and experimental compressguits in section 4.4.0).
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--8-- Viscoelastic (Relaxation Test)
0.1 -4~ Viscoelastic (Creep Test)
0.01 T T T T T T T T
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

True Strain
Figure 4. 35. Simple compression of 15x15x15 speniof vegetable shortening at 40
mm mir* and Abaqus simulation as a viscoelastic mateaiibated with creep and
stress relaxation test data

Figure 4.28 shows a linear stress-strain loadisgoese with barely visible hysteresis
and perfect deformation recovery during unloadih@m Abaqus viscoelastic simulated
material, while the linear elastic region for vef#é shortening is almost not visible.
The lack of hysteresis of the viscoelastic predicshown in Figure 4.28 implies that the
Abaqus viscoelastic material remains perfectly tedlafor only small strains (up to
approximately 7 x 16). On the other hand it has been estimated thgetable
shortening has a linear elastic region up to arstonly 7.19 x 1¢ (Goh and Scanlon,

2007) which is two orders of magnitude smaller tliaa viscoelastic prediction by
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Abaqus. This delay in the onset of permanent dedtion may contribute to the

overprediction of the stress values by the Abagsoelastic model.

Comparing the results of the Abaqus viscoelastidehavith the experimental results,
one can say that the Abaqus viscoelastic modeheeta higher level of elasticity even
after larger deformations; the highly elastic babaw of the viscoelastic model can be
seen in the rapid partial recovery during unloadisghown in Figures 4.32 and 4.33. In
order to quantify the amount of height rapidly nemeed during the viscoelastic
simulations, the ‘rapid recovery percentage’ walkutated (Table 4.11). The ‘rapid
recovery percentage’ was calculated by dividing ridneidly recovered height over the
initial compression distance and then multiplied®). As the compression distance in
the viscoelastic simulations increases the rapidwery percentage decreases, as shown

in Table 4.11.

Table 4. 11. Percentage of rapidly recovered heifjbt cycling compression as
predicted by the Abaqus viscoelastic model caldatatith stress relaxation data.

Compression Initial Specimen  Rapidly Recovered Rapid Recovery
Distance (mm) Height (mm) Height (mm) Percentage (%)
3.0 15 2.3 77
5.0 15 3.8 76
7.0 15 5.0 71

Continuous photographs were taken during the umgaolrocess of vegetable shortening
(Figure 4.36). In the continuous photographs ofetagle shortening, the rapid partial
recovery in height is also visible, although notthe same extent as the predictions
obtained by the Abaqus viscoelastic model. Figu&6 4shows vegetable shortening

before being compressed by 6.5 mm (a) and afteastgone through rapid recovery (b).
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The initial height of the cubic vegetable shortgngpecimen was 15 mm and the rapidly
recovered height was measured to be 10.5 mm wiivels @ recovery percentage of 31%
(2/6.5*100%) which is significantly lower than tipeedicted viscoelastic value of 71%

(5/7100%).

Figure 4. 36. Cubic vegetable shortening specinegore compression (a) and vegetable
shortening specimen after being compressed to X

4.9.8 Conclusion for Viscoelastic Simulation of Shitening

The Abaqus viscoelastic model can be calibrateddiyg compressive stress relaxation
and creep test data, after they have been convetteghear test data and normalized to
obtain dimensionless parameters. This model cansked to simulate the rheological
behaviour of materials that show hysteresis dummdpading and rate dependency.
Using stress relaxation data gives the ability redict the stresses at higher strains than
when using creep test data. The viscoelastic mpriicts elastic recoil even at the
large strain of 46%, and it was observed that #weit was greater when using the creep

test data.
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When compared to the vegetable shortening expetahdata, the Abaqus viscoelastic
model greatly overpredicts the stress at a givesinstand does not show permanent
deformation even at greater strains, as well aatgrancrease in stress values as the
speed of compression increases. Elastic recodldse observed during experimental
unloading of vegetable shortening but it is alserpvedicted by the viscoelastic model
used here. The Abaqus viscoelastic mode is indapatbpredicting a behaviour that
resembles a perfectly plastic deformation, whichststs of reaching a constant stress
after passing a given strain value. The Abaqusogkstic model needs to be modified
in order to include perfect plasticity behaviourarder to better predict the rheological
response of vegetable shortening. The informasioown here supports the idea that
vegetable shortening could be better describednaslastic-viscoplastic material (Goh

and Scanlon, 2007) rather than just a viscoelastiterial.

4.10.0 Development of Mechanical Model for VegetadlShortening

Goh and Scanlon (2007) developed a rate independedil! to describe the static
rheological response of vegetable shortening. Toslel had three distinct regions: a
linear elastic region, a strain hardening plastifotmation region and a region of perfect

plasticity. The model can be summarized with dil#ing equations:
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if ESEy,, 0, =E€

st ’

z

_ E
if e,<e<e, T« =EEy - | [4.14]
yl
zZ
. =E €ya

where gg; is the static stresg is the modulus of elasticityg; is the true strain at first
yield, &, is the strain which marks the onset of perfecstptdy, andz is the power law
strain hardening constant. The basic shape otdhgression stress-strain diagram for
the static Goh and Scanlon (2007) model is showrdare 4.37. When one compares
the Goh and Scanlon (2007) model to the experirhentapression data obtained at 0.4
mm min® (which is the closest experimental trial to bestgtic), one can see that the
model does not accurately predict the middle sectd the diagram, because the
experimental data shows a region with hardenintpiedd by a region of softening
before reaching perfect plasticity. Therefore sonuifications to the model shown in
equation [4.14] are needed to take into accountstiness overshoot shown by all

experimental results.
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Figure 4. 37. Compression stress-strain curvedgetable shortening as obtained during
compression at 0.4 mm/min and as predicted bycstadidel formulated by Goh and
Scanlon (2007)

In order to take into account the stress overshegibn seen in the experimental data,
equation [4.14] was modified to include a functitwat will increase and decrease the
stress value as the strain increases in the mgktiéon of the model; an exponential
function similar to that present in a Prony sevies added to the Goh and Scanlon (2007)
model, since the exponential function provided ridg@d decay in stress observed in the
experimental compression data. The raising padtmalss overshoot region seen in the
experimental results is related to the strain hardeprocess caused by the movement of
defects in crystalline solids after the onset @ispitity (Gottstein, 2004; de With, 2006),
while the descending part of the stress overslsolated to the shear failure that occurs

at large compressive strains due to the presenamamfoscopic defects in the solid
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matrix (Dowling, 2007), such as nitrogen bubbles/@getable shortening. In order to

take into account strain hardening and shear &iéguation [4.14] can be modified as

follows:
if ESE,, 0=EEg,
z
_ & ~(e-&y) @
t €, SESE, O=EE, = | € , [4.15]
yl

z
—(&y2-€p)/ W

= E¢ %) e
if E2€, T-EE, ,

where wis a stress decaying factor (a material constami), all other variables are as
previously defined. The elastic region of the modes kept unchanged, but an
exponential function was added to the other twotices. The added exponential
function is analogous to the exponential functisediin the Maxwell model to describe
viscoelastic behaviour of materials and theref@ris a strain dependent analogy to the
relaxation time in the Maxwell model. Therefore#@n be said that the modified model

has elastic, viscous and plastic components.

Equation [4.15] was calibrated using the mater@istants obtained during monotonic
and cyclic compression test in an Excel spreadtdb#lewing the procedure described
by Goh and Scanlon (2007). The valueEowas restricted to be a numbers in the range
of results obtained during monotonic and cyclic poassion (185kRe&E<743kPa). The
value for&,;was limited to be a number greater than zero arallenthan 0.02, which

was the smallest strain measured during cyclic cesagion at which permanent
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deformation was already visible. The initial vadier E and&;; were the values given by
Goh and Scanlon (2007E (= 315 kPa an¢y1=1.53x104), since they were within the
ranges of values obtained during compression teste initial value ofg, was taken
directly from the average stress-strain curve froonotonic compression tests at a given
loading rate §,= 0.22, 0.32, 0.36 and 0.46 at 0.4, 4, 40 and 460mm respectively)
and it was the largest strain in the stress ovetstjast before the onset of perfect
plasticity. The initial value oz was the value found by Goh and Scanlon in 2Q07 (
0.468) andw was just limited to be a number smaller than one karger than zero
(0<ax1) in order to create an exponential decay befeaehings, (initial value was
guessed to bev= 0.1). The predictions of the model using thdiahivalues for the
parameters in equation [4.15] were matched to ¥per@nental compressive data in a
least square error method via the Excel Solvertionc After several iterations of the
Solver function the following numerical values fibre constitutive parameters at four

loading rates were obtained (Table 4.12):

Table 4. 12. Numerical values of constitutive pagtars of shortening model shown in
Equation [4.15]

Loading Rate 0.4 4.0 40.0 400.0
(mm min?)

E (kPa) 593.2 593.2 593.2 593.2
&1 7.19 x 10" 7.19 x 1¢ 7.19 x 10 7.19 x 10'
€2 0.226 0.300 0.350 0.436
Z 0.798 0.784 0.751 0.721
w 0.146 0.180 0.234 0.302

The numerical values of Table 4.12 were inputted equation [4.15] and plotted in
order to verify the accuracy of the modified Gold é&canlon model, these results are

shown in Figure 4.38.
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Figure 4. 38. Comparison between experimental ceagwn data and results from the
modified constitutive model
By looking at Figure 4.38, one can see that the ifiead Goh and Scanlon model
(equation [4.15]), closely predicts the experimedtta using the values obtained from
the Solver function. However as the crossheaddsipeeeases the accuracy of the model

decreases, especially in the hardening sectiomeofriodel.

The model formulated by Goh and Scanlon (2007)atgu [4.14], provided adequate

prediction of the compression response of shorggmmargarine and butter up to a true
strain of 0.3. However, Goh and Scanlon did nké tato account the stress overshoot
that is particularly visible in their experimentalsults for margarine and butter and did
not try to fit the model past the 0.3 true straiarkn The modified model, equation [4.15],

is capable of simulating the stress overshootithatore visible in the shortening used in
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the current research project and adequately psedié compression response of

vegetable shortening up to a true strain of 0.5.

4.10.1 Testing Constitutive Model with Indentation

In order to check the robustness of equation [4ii%pfedicting the rheological response
of vegetable shortening, conical indentation sirmoiies were set up in Abaqus/CAE. As
previously stated in the methodology section o§ ttiesis, indentation was simulated
with a two dimensional axisymmetrical model in ortie save on computational time.
Figure 4.39 shows the schematic representatioheotonical indentation simulation set

up in Abaqus/CAE.
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Figure 4. 39. Conical indentation (45° half angle)-up in Abaqus/CAE

Fixed support platen
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The visual representation during indentation preslidy Abaqus is shown in Figure 4.40.
By looking at Figure 4.40, one can see that theordedtion under the indenter is

extremely large and a concentration of stressesre@ound the indentation area.

+1.2288404
1. 124=404
2 +1.022=+04
+3.1852402
+8.173=403
4 +7.152=+02
A+ +€.130=403
= 45 .103=402
L 41037402
] i3 052403
B +E.043=403
+1.023e403
+2.0002400

(@) (b) (c)

Figure 4. 40. Visual representation of indentatiesponse of vegetable shortening
simulated using Abaqus with model shown in equg#doi5]. (a) Undeformed specimen,
(b) indentation to 1.2 mm, and (c) indentation & am

4.10.1.1 Material Properties Used during Virtual Irdentation

During the simulations in Abaqus it was assumetiibgetable shortening is an isotropic,
homogeneous, and incompressible solid just as Guwh Scanlon did in 2007. The
ELASTIC and PLASTIC models were selected in theprbes Module of Abaqus. For
the ELASTIC Abagus model two parameters are reduitee modulus of elasticityE]
and the Poisson’s ratiow)( these two parameters are used to describe ttedypelastic
behaviour shown by shortening at strains bespwfirst part of equation [4.15]). For the
Abaqus PLASTIC model the yield stress and the rlastie strain &) are required; in

order to take into account the material’s hardemind softening shown by shortening at
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strains betweew,; and &, (middle part of equation [4.15]), the yield stressa function

of non-elastic strain (plastic and viscous strauas entered as 15 discrete points in a
tabular form. The non-elastic straig)(is defined as the total straig) (ninus the elastic
strain ) and the elastic strain is the strain prior to fingt yield strain &), which is
equal to the yield stressz) divided by the modulus of elasticiti)

g

E =E-E =£_Ey=£_£ [4.16]

yl

It is important to notice that the non-elastic istrat the yield stress is equal to zero and
that the 15 data point is the stress 8b; &2 marks the onset of perfect plasticity
predicted by the third part of equation [4.15]. ff@ient values of yield stress as a
function of non-elastic strain were used at différ@dentation rates (Figure 4.41), since
&2 was rate dependent. The parameters entered Abtgus Graphic User Interface can
be summarized as follows:
* Material Behaviour 1Elastic
0 Type:lsotropic
0 Number of field variable
o0 Moduli time scale (for viscoelasticityl:ong-term
0 Young's Modulus593 kPa
0 Poisson’s Rati00.4999
* Material Behaviour 2Plastic
0 Hardeningisotropic
0 Number of field variable

o Data: Yield stress as function of non-elastic astas shown in Figure 4.41
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Figure 4. 41. Yield stress as a function of norsttastrain; data used to calibrate strain
hardening/softening part of the constitutive mddelshortening

4.10.1.2 Comparison between Abaqus Indentation arieixperimental Data

After the virtual indentation at different crosstespeeds (0.4, 4, 40 and 400 mm Tin
was set-up in Abaqus/CAE with the modified Goh &whnlon (2007) model as the
constitutive model (equation [4.15]), the forcesl dhe displacements were plotted and
compared with the experimental data (Figure 4.4R8%. seen in Figure 4.42, the model
shown in equation [4.15] can be used to predictiticentation response of vegetable
shortening. The prediction is best at the lowesshead speed of 0.4 mm fhi(Figure
4.42a). As the crosshead speed increases the rimamtehsingly under predicts the
reaction force from indentation (Figure 4.42b) amdaddition as the indentation depth

increases the Abaqus results deviate more fromtperimental results.
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Figure 4. 42. Average indentation response of \agjetshortening at (a) two slower and

(b) two faster speeds and simulated results fromgib calibrated using equation [4.15].
Error bars on experimental data are one standasidto
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4.10.2. Manipulating Abaqus Simulation Parameters

The force predicted by the Abaqus indentation bexsosmaller as the crosshead speed
increases; this is the opposite of what occursnoemtation of vegetable shortening
experimentally. In order to understand what facteere responsible for the inability of
the constitutive model to accurately predict thedemation response, Abaqus
experimental simulations were manipulated to btimg predicted indentation response
closer to the experimental data. The conditions\lee manipulated were the following:
1. Increase the value of the modulus of elasticityh&f material, and adjust other
material constants accordingly so that equatiobh5Wstill provides an adequate
fit to the experimental monotonic compression (Fegd.38).
2. Simulate the effect of friction between the conicalenter and the shortening
specimen in the simulation.
3. Change the geometry of the specimen, so that gheotdhe specimen is not
completely horizontal. This permits us to simuldite experimental conditions in

which the £0.5 mm variation in specimen height @drive controlled.

4.10.2.1 Effect of Increasing the Modulus of Elagtity in Model

Increasing the value of the modulus of elasticiB) €an increase the value of the
predicted stress (Goh and Scanlon, 2007), sincentiaulus of elasticity is multiplying
all other parameters in equation [4.15]. Howetle,increase must still be limited by the
values obtained during experimental monotonic agdlic compression tests (E
743kPa). In order to maintain an adequate fit betwéhe predicted curve and the

experimental data, all other parameters in equddidib] have to be adjusted if the value
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of the modulus of elasticity is increased. The mE@sameters obtained from the Solver

function are shown in Table 4.13.

Table 4. 13. Numerical values of constitutive pagtars of shortening model shown in
Equation [4.15] after modulus of elasticity wasildetately increased to 732 kPa

Loading Rate 0.4 4.0 40.0 400.0

(mm min’)

E (kPa) 732.2 732.2 732.2 732.2
&1 7.50 x 10' 7.50 x 10" 7.50 x 10' 7.50 x 10°
&2 0.208 0.286 0.397 0.433
z 0.752 0.740 0.674 0.669
w 0.145 0.181 0.299 0.326

Using the values in Table 4.13 into equation [4.454 running indentation simulations

at an indentation rate of 0.4mm fiwith Abaqus, Figure 4.43 was obtained.
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Figure 4. 43. Comparison between experimental itadiem at 0.4mm min and

simulated indentations with different values of thaterial properties used in equation
[4.15]. Error bars on experimental data are onedstal deviation
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By looking at Figure 4.43 one can see that increpiie modulus of elasticity from 593
to 732 kPa slightly increased the predicted reacfarce. The increase in predicted
reaction force is more apparent after the indemtadiepth of 1.25 mm, but in all cases the
increased modulus does not improve the match betwa&perimental and simulation;
therefore, it can be concluded that increasing/étee of the modulus of elasticity within
the experimental values does not significantly iower the simulation indentation

response.

4.10.2.2 Effect of Increasing Friction during Simu&tions

Friction increases the force recorded during cosgom testing (Gunasekaran and Ak,
20003). Therefore, it is necessary to investigfageeffects of friction on the indentation
simulations. In order to investigate the frictioreffects during indentation, conical
indentation simulations were performed in Abaquagiequation 4.15 as the constitutive
model with the parameter values shown in Table ,4ab@® the ROUGH option as the
friction condition between the indenter and thecgpen. In Abaqus, the ROUGH option
assigns a coefficient of friction of 10,000 (Abag@606). The results of the indentation
simulations with friction are shown in Figure 4.44Adding friction to the indentation

simulation causes the indentation curve to be jdgdee to the slip and stop effect
(Abaqgus, 2006) caused by the excessive resist&igeré 4.44). Also adding friction to

the indentation simulations, the force is even morder-predicted than when frictionless
conditions are used (Figure 4.44). Therefore one say that the experimental

indentation occurred in frictionless conditionscg the indentation curve is smooth, and
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the presence of friction is not the factor thatsemuthe force under-prediction of the

model shown in equation [4.15].

0.8
0.7 A . .
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0.6 1 Abaqus Indentation E=732 Frictionless | 1
0.5 —%- Abaqus Indentation E=732 Rough Friction i )
—~~ %7 1
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-.(n',"\:“—:: 3
0 : _ T T T T
0 0.5 1 15 2 25

Indentation depth (mm)

Figure 4. 44. Comparison between experimental itadiem curve at 0.4 mm mhand
simulated indentation with rough friction and fractless conditions. Error bars on
experimental data are one standard deviation

4.10.2.3 Effect of Changing the Geometry of Simulati Specimen

The geometry of the contact area of the specimenafiect the results of mechanical
tests, particularly during compression testing (&sakaran an Ak, 2003). It has been
reported that indentation is less susceptible ¢octienge in geometry of specimens, but
is not completely exempt from its effects (Anan@02). Indentation simulations were
set up in Abaqus in which the top part of the speci was not completely horizontal but

rather had a triangular shape with an excess hefghi25 mm (Figure 4.45a), which is
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within the maximum permissible height variation &0nm) in experimental shortening

specimens.
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Figure 4. 45. Conical indentation setup in Abaqéd€ZQvith non-flat contact specimen
surface (a) and stress contour of indented specicm2r® mm (b). The stress values are
in Pascals
Having a specimen with a triangular top part caukedredicted force to be closer to the
experimental indentation results (Figure 4.46). Tiwngular top specimen has excess

material that accumulates on the sides of the idemd this accumulation of the excess

material is what produces higher forces at a gimdentation depth when compared to a
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simulated specimen with a perfectly horizontal tmmtact surface. Therefore one can
conclude that a change in geometry of the specicaenin fact affect the indentation
results, and the deviation of the predicted cumgenfthe experimental curve can be

attributed to the unevenness of the shorteningis@es during experimental indentation.
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Figure 4. 46. Comparison between experimentalntadion of shortening at 0.4 mm
min and simulated results with equation [4.15] on Bpens with different geometry.
Error bars on experimental data are one standasidto
Looking at Figure 4.45b, one can see that afteentation to 2.9 mm the edge of the
specimen is not undisturbed since the stress i@mger dark blue (2.5 to 3.2 kPa) but
rather green (6.1 to 8.2 kPa). This stress chahg@fee edge indicates that ‘edge effects’
are increasing the overall value of the measuradefaand can make indentation

measurements on specimens with different lateraledsions vary, as discussed by

Anand (2001).
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5.1.0. Conclusion and Recommendations

Vegetable shortening shows a complex rheologicgaoese between that of a solid and a
liquid. However, from uniaxial compression tedtsvas seen that plastic or permanent
deformation in vegetable shortening occurred evemesy low strains. As the strain
increases during compression the plastic resporisgegetable shortening can be
characterized by a section undergoing strain hamdefollowed by a section where
failure in shear mode occurs before finally reaghansection where shortening displays
perfect plasticity. This rheological behaviour c&e attributed to shortening’s
composition which consists of weakly bonded soldl particles comprised of highly
crystalline material surrounded by fluid oil (Rzelgi et al, 2002; Goh and Scanlon, 2007).
Using uniaxial compression stress relaxation arekprtests, it was shown that the
complex rheological response of vegetable shorteeennot be described only by a
viscoelastic model based on the generalized Maxmelliel (Peleg and Pollak, 1982).
The generalized Maxwell model is able to predigtill and solid behaviour of materials
but it greatly overpredicts the stress at any gisgain for vegetable shortening and it

lacks the ability to predict the extensive permarmiormation of shortening.

The rheological response of shortening can be mdtscribed as elasto-visco-plastic
with rate dependency. Modifying a model proposed@nh and Scanlon (2007), an
elasto-visco-plastic constitutive model was devetbpnd calibrated using the data from
uniaxial compression tests (equation [4.15]). Viseous component can be described by
an exponential function just like in the Maxwell Iéelvin-Voigt models (Steffe, 1996).

The rate dependency cannot be described by a spopler law as previously proposed
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by Goh and Scanlon, 2007. The model proposed mthi@sis was capable of predicting
with reasonable accuracy the uniaxial compressiod adentation of vegetable

shortening. However, the model accuracy declinethagate of deformation increased.
Further research is required to further refine étasto-visco-plastic model to better
predict the rate dependency of vegetable shorteobsgrved during compression and
indentation tests. Taking into account microstreadtichanges occurring during the
plastic deformation responsible for strain hardgrand understanding the shear failure
mechanisms in vegetable shortening could be usednfwove the accuracy of a

rheological model for vegetable shortening.

The constitutive model developed from compressasistwas then used to predict the
indentation response of shortening. The indematmce was underpredicted at all
indentation depths for all indentation speeds. ufnber of numerical simulations were
performed to determine potential mechanisms fodikerepancy. Slight modification of

geometry at the top plane of the specimen alloweddgcorrespondence between

experimental and model results to be obtained.

It has been suggested that indentation is leseptiBle to specimen shape variation than
compression (Mefik, 2007) is, and as it has been shown using feligenent simulations
the indentation response is indeed sensitive ghtsiariations in the geometry of the
specimen. Having specimens with an uneven contatace between the indenter and
the specimen can produce higher force values atea gndentation depth due to pile-up

of this excess material at the sides of the inderitberefore it is important that the
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specimen preparation method be improved. Diffeting techniques besides wire
cutting should be investigated, such as core cuttéth plungers and mechanized blade

cutters, to reduce unevenness in horizontal artitaésurfaces of the specimen.
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