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ABSTRACT

Although ice phase plays a dominant role on the physical properties of ice cream, other
structural components also affect rheological and meltdown properties. However, there is a lack
of information about these relationships in literature. Thus, the objectives of this work were to
assess the effects of structural components on the rheological and meltdown properties. It was
hypothesized that (1) rheological and meltdown properties were affected by fat destabilization,
overrun and mix viscosity, among other parameters, and (2) meltdown behavior was influenced
by the rheological properties of the ice cream matrix. Ice creams were made with a wide range of
extent of fat destabilization (partially coalesced fat globules), overrun and mix viscosity (serum
phase viscosity) to provide a wide range of structures and rheological properties. The structural
parameters affected not only the meltdown properties, such as drip-through rate and final height,
but also the rheological properties, including storage modulus, residual viscosity, yield stress and
rheological destruction, obtained as thixotropy. Good correlations between the rheological
parameters at 0°C with meltdown parameters were found. Structural parameters also affected
rheological and meltdown properties in commercial ice cream products. Remarkably, models from
the study with ice creams with controlled structural formation were found to fit well the

commercial sample data.



INTRODUCTION

Ice cream has an intricate multiphasic structure, which is formed mainly during dynamic
freezing (churning and freezing at the same time) of the mix. The intrinsic arrangement of
structural components governs its physical properties affecting directly meltdown behavior,
texture and sensory properties during consumption. An unfrozen serum phase holds structural
components dispersed together, such as ice crystals, air cells, and individual and clustered fat
globules.

Although ice phase volume and ice crystal size distribution are important structural
components in ice cream, other structural components from air, fat and serum phases also affect
rheology and meltdown of ice cream. Moreover, although rheological properties are also a physical
property of ice cream, rheological behavior of the initial structure formed during dynamic freezing
affects not only equipment design and process adjustments in manufacturing, but also sensory,
texture and meltdown properties.

Many studies have reported about ice cream rheology. However, the correlation between
rheological and meltdown properties has been little explored in literature. The mechanical behavior
strongly affects the performance of ice cream during meltdown test. Rheological parameters that
are important for this mechanical performance during meltdown test of ice cream may provide
more accurate instrumental characterization since many rheological measurements have their
rheological constitutive equations. This accuracy in rheological measurements would be essential
to further understand important empirical measurements for ice cream quality, such as sensory,
texture and meltdown properties.

The use of model systems is important to control variables that would be impossible to

control on an industrial scale, besides being economically unfeasible. However, although model



systems are important for studies in food science, the purpose of research is often their application
in industry. Thus, the use of ice cream with controlled structural formation is essential to
understand the influence of controlled variables on both structural formation and their physical
properties. On the other hand, the evaluation of commercial ice cream products allows the practical
validation of ice cream science.

In this context, the main objective of this study is to evaluate the effects of structural
components on the rheological and meltdown properties and their correlations in ice cream. The
study was divided into three parts: i) the effects of mix viscosity, extent of fat destabilization and
overrun on rheological properties of ice creams with controlled structural formation, ii) the
correlations between rheological and meltdown properties in those ice creams with controlled
structural formation and iii) the effects of structural components on rheological and meltdown
properties as well as their correlations in commercial ice cream products. In summary, the most
important rheological parameters are presented in the three research chapters. However, specific
rheological parameters were selected for further discussion so that the mechanical performance of
the ice cream during meltdown tests could be highlighted. Furthermore, the first (Chapter 2) and
second (Chapter 3) studies were used as foundation for the third study (Chapter 4), which evaluated

commercial ice cream products available in grocery stores of a local market in the US.



ACKNOWLEDGEMENTS

First, 1 thank God for being present at every moment of my life. The completion of this
work was made possible with the support and help of several people.

My deepest appreciation to my advisor, Professor Richard W. Hartel. First, for accepting
me as a student in his research group. Second, for his great mentorship. The advice and
opportunities that you allowed me to have during these years helped me become not only a better
professional, but also a better person. It was really life changing. Last, for our great conversations
about this complex product, ice cream!

Thanks to my committee members, Dr. Scott Rankin, Dr. Bradley Bolling and
Dr. Sundaram Gunasekaran, for instructions, advice, time and for reviewing the thesis.

Thanks to my lab assistants/friends, in special, Rachel, Lexi, Morgan, Angie and Spring,
for working with me during this time in Madison.

Thanks to all my lab friends for a great time in the basement, in special Jasmine, Maya,
Amy, Sam, Abbey, Emily, Julia, Angel, Laura, Hassan, Vikash, Katie, Cara, Marielle, Mack,
Katherine, Liana, CJ, Breeann, Kathleen, Yunna, Maddy, Kendra, Melanie, Margaret, Balaji,
Karen, Lauren..

Thanks to all faculty and staff of the Department of Food Science that indirectly
contributed to my journey in Madison.

Thanks to CNPq (National Council for Scientific and Technological Development — Brazil)
for the scholarship and FDC (Frozen Dessert Center) for the financial support.

Thanks to my family for their support and prayers in the hard times, especially my mom,

Conceicao, my dad, Jodo, my sisters, Tati and Jessica, and my grandma, Gloria.



Vi

Above all, I thank my beloved wife, Tassy, for her love and support over the years in good
times and bad. | also thank God for the blessings and gifts poured into our lives, namely, my

beloved daughters, Elisa and Isabela.



Vi

TABLE OF CONTENTS

Page
DEDICATION. ..o tiitiitiiiiitiieiitittietieitetitietiettetetatsssessstestsssscassssssssscsssnssssessncs i
N 3 0 0 20 N ii
INTRODUCGTION ..utitiiuiiuiieiiiiiiuiietiettiintiateesessmmesesssssssssssssssssssssssssssasssssssnses iii
ACKNOWLEDGEMENTS....uitiiiiiiiieiiiiiiiiieiietiiiiieteestesatsassesssassassssssnssnssnsn: %
LIST OF TABLES. . ...ciutititiiiiiiitiiiiiiiiiiieiitiiietietttintiattscecatssssssescnsssssssnscnss Xii
LIST OF FIGURES . ....uittitiiiiiiiiiiiiiiiieiiiiiiiatietitttistietietsttsssscecenssssssnssnsiosns Xiv
Chapter 1 Literature ReVIEW. ..c.ceiiiieiiiiiiiniietieeeeeneenceecescnsensescescnsonsessescnsansescnscnss 1
R e (oo e 2
1.1.1 Ingredients of Ice Cream MiX........oouiiriintiitiatiitt ettt e e enaeeaeanss 2
0 I L 1 PP 3
1.1.1.2 Milk Solids NonFat (MSNF) ...t e 3
O TG BT 1< 4 1<) 4
0 O B 5 0 L <) P 4
O O TN 21 o 1 3 PP 5
Lo 2 PrOCESS ettt ettt e e 5
1.1.2.1 Blending and PaSteUIIZation. ..........o.uueirenitet ittt ettt et eereeneans 6
1.1.2.2 HOMOZENIZALION. ...ttt te et et et et e e e e e e et e et et e e e e e e e e eaenes aaens 6
1.1.2.3 Cooling and AGEING........ueineieii it ee e 7
1.1.2.4 Dynamic FreeZINg. . ... ..c.oiuiuiii i e 7
1.1.2.5 Hardening and StOTage............ovuiiuitintinii i 8
1.2 Structural COmMPONENLS. . ...ttt ettt et e e e et e e et et e e e eeee eenneenns 8
L.2.1 L@ Phase. ..o 8
L.2.2 AL PRase. ..o 10
L2 3 FAt PRASE ..t eeee ettt e e, 11
1.2.4 Sertum Phase. ... e 13
1.3 Tce Cream MeltdOWn. ... ... 14
L4 Tce Cream Rheology . .....oouuiiiii e 16
1.4.1 Oscillatory Thermo-Rheometry (OTR) .....oviniiiiiiii e 16

1.4.2 Creep and ReCOVETY . ... uiiniiii ittt e et et e e e naeaaas 19



1.4.3 Stress Growth .. ..o, 21
1.4.4 Flow Ramp and ThiXotropic LOOP......ocuiiiiiiii i 25
T 50002 28
L5 RETCICICES. . .. ettt e e e e e 28

Chapter 2 Effects of Serum Phase Viscosity, Partially-Coalesced Fat Globules and

Overrun on the Rheological Properties of Ice Cream.........ccccevveveviiiinnencnnnn 35
2.1 ADSIIACE . ..ttt e 36
2.2 TNEPOAUCHION. ... et e e e e e e e 37
2.3 Materials and Methods. .........o.oiiiiii e 38
B T B\, 1<) o T 38
2.3.2 ExXperimental DeSI@N. .. .....iuuieiititi it e 39
2.3.3 Formulation and ProCeSSINgG. .........ooiiiiiiitiii i aeeess 39
2.3.4 Structural Components (Physical, Compositional and Structural Measurements) ............ 40
2.3.4.1 Ice Cream Mix Rheology ......c.oouiinii e 40
B B N 0 7= o 1| Rt 42
2.3.4.3 Particle/Fat Globule Size Distribution.............cooviiiiiiiiiii e 42
2.3.4.4 Air Cell Size Distribution.........oiuiiuiiii e 42
2.3.4.5 Ice Crystal Size DIstribution. ... .......oouiiiuiitii e 43
2.3.5 Ice Cream Rheological Properties. ... ....c.vvvuiiiiiie i e 43
2.3.5.1 Oscillatory Thermo-Rheometry (OTR) .....o.ooviiiiii e 44
2.3.5.2 CrEEP-RECOVETY ... ettt ettt e 45
2.3.5.3 StresS GIOWLH ... .e i 45
2.3.5.4 FIOW RamMD. .ot e e e 46
2.3.6 StatistiCal ANAlYSIS. .. .oueiitt ittt e 46
2.4 Results and DiSCUSSION. ... ...ttt ettt et et ae e aeans 47

2.4.1 Structural Components (Structural Elements, Compositional and Physical Parameters) ...47

2.4 1.1 MiX RREOLOZY ... e e e e e e 47
Nt O 1Y g o 50
2.4.1.3 Percent of Partially Coalesced Fat Globules (Fat Destabilization) ........................... 50
2414 AT Cell SIZE. ... 52



2.4.2 Rheological Properties of the Ice Cream MatriX.............ccoooiiiiiiiiiiiiiiii e, 53
2.4.2.1 Oscillatory Thermo-Rheometry (OTR) ...t 53
2.4.2.2 Creep and ReCOVEry MeaSUIEMENTS ... ...uuutetetetetetet ettt eenes 58
2.4.2.3 Stress Growth (Constant Low Shear Rate) ...........cooviiiiiiiiiiii e 62
2.4.2.4 Flow Ramp (Shear Rate Ramp) and ThiXOotropy..........coooviiiiiiiiiiiiiieeeeee, 66
N 001161 11 T 10 s S 72
2.6 ACKNOWIEA@EMENLS. ...\ttt e et et et e e e 73
A ] £ 1<) 1 T 73

0T ) 1 1 N 81
Bl ADSIIACE. .o 82
3.2 INETOAUCHION. ..ttt et 83
3.3 Materials and Methods. .........o.oieiiii 84
T8GR LY 1153 T 1 P 84
3.3.2 EXPerimental DeSI@N. .......oiuitit ittt 85
3.3.3 Formulation and ProCeSSING..........ouiiuiiiit ittt et et eeenans 85
3.3.4 Physical, Compositional and Structural Measurements (Structural Components) ............ 86
3.3.4.1 Ice Cream MIX VISCOSILY . ..uunutntientit ettt e eeeaes 86
TR B @ Y 1< 4 1o 87
3.3.4.3 Particle/Fat Globule Size Distribution. ... 87
3.3.4.4 Air Cell Size DistribUtion. .......ooueiiii e e 87
3.3.4.5Ice Cell Size DistribUtION. . ....uuiti ittt 88
3.3.5 RNE0IOQICAl PrOPEItICs. . ... vttt ettt et e e e e 88
3.3.5.1 Oscillatory Thermo-Rheometry (OTR) .......c.oiiniiiiiiiii e, 89
3.3.5.2 CIBBP-RECOVETY . . ettt ettt 90
3.3.5.3 Stress GrOWLN . ..oueit e e 90
3354 FLIOW RaMP. ..ot e e 90
3.3.6 StatiStical ANalYSIS. . .ouuiiiti it 91
3.4 Results and DISCUSSION. ...ttt et 91
3.4.1 Structural Components and their Correlations...............coooiiiiiiiiiiiiiiieee 91

3.4.21Ce Cream MeEIAOWN .. ..o 93



3.4.31ce Cream RNEOIOQY .. ....oiriti e 93
3.4.4 Correlations between Rheology and Meltdown Behavior.....................cocooiiin. 94
3.4.4.1 Storage Modulus (G’o°c) from Oscillatory Thermo-Rheometry (OTR) ...................... 95
3.4.4.2 Residual Viscosity (no) from Generalized Kevin-Voigt Model (Creep Measurements)...103
3.4.4.3 Yield Stress (oy) from Stress Growth Measurements............o.ovvvieivriinieneniininenns 111
3.4.4.4 Thixotropy from Flow Measurements (Shear Rate Ramp) ................coooveeiininnnn.. 119
BT 0] 1 1ed 13 S 0 T 125
3.6 ACKNOWIEAZEMENTS. .....eitiie i 127
3T RO O EIICES. ..ot 128

Chapter 4 Effects of Structural Elements, Compositional and Physical Parameters on

Meltdown Behavior and Rheological Properties of Commercial Ice Cream

Products....ccccieiieiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii it c e e e e e e 135
i BN 11 3 v Lo S SO 136
i 1313 o T L To7 5[ ) o W 137
4.3 Materials and Methods. .........o.iii i 138
G 0 YT 4 T 1 P 138

4.3.2 Compositional, Physical and Structural Measurements (Structural Components) ............138

4.3.2.1 Fat CONTENT. ...ttt ettt e 138
4.3.2.2 Total SOIIAS. .. e 138
4.3.2.3 Ice cream MiX deNSItY. ......inuiieiet ittt et et et et et e aaas 139
TN B 0 1) v 4 11 139
4.3.2.5 Particle/Fat Globule Size Distribution...............cooiiiiiiiiiiii e 139
4.3.2.6 Air Cell Size DistribUtION. . .....ueneini it 140
4.3.2.7 1ce Crystal Size Distribution. ... ......oiuiieiit ittt e aeeaaas 140
4.3.3Drip-Through Rate..........coouiriii e 142
4.3.4 Rheological properties of Commercial Ice Cream Products...................cooiiiiini. 143
4.3.4.1 Oscillatory Thermo-Rheometry (OTR) ......oviniiniiii e 144
N O (1< o B A ) < o SRS 144
4.3.4.3 Stress GrOWth . ... 145
4.3.5 Statistical ANalYSIS. .. ..oouiini i 145

4.4 ReSults and DISCUSSION. . . ...ttt ettt e e e e e e 146



Xi

4.4.1 Compositional/Physical Parameters and Structural Elements.................................. 146
A 0] = - | 147
AA4.1.2T0tal SOIIUS. ...t 147
4.4.1.3Density 0f 1ICE Cream IMIX .. ..ouiini i e e e e 147
O @ 1 < o (V] o 147
4.4.1.5 Percent of Partially-Coalesced Fat Globules (Fat Destabilization) ........................ 148
AA1.6 AT Cell SIZE. ... .o 148
AALTICE Crystal SIZE.. ... i 149
442 Drip-Through RALe ... ..o e, 149
4.4.3 Rheological Properties of the Ice Cream MatriX.............ooovviiiiiiiiiiiiieeieeen, 151
4.4.3.1 Oscillatory Thermo-Rheometry (OTR) ......oviniiniii e 151
4.4.3.2 Creep and Recovery MeasUremMeNts ..........c.ovuieeiniiriiriie et 156
4.4.3.3 Stress Growth (Constant Low Shear Rate) ..............ccoooiiiiiiiiiiiiiieieee 161
4.4.4 Correlations between Rheological Parameters and Drip-Through Rate (DT)................ 166
I 001 o] 11 10 1 1T P 169
4.6 ACKNOWIEA@EMENLS. .....uttt it et et e 170
A S (<) (=) (o1 P P 171
Chapter S Conclusions and Recommendations .........ccoieviieiiiiiiiiinineiierineiecieeciennnes 177
R B 0757 LT3 T} 1 178

5.2 RECOMMENAATIONS. ottt e e e e e 181



Table 2.1

Table 2.2

Table 2.3

Table 3.1

Table 3.2

Table 3.3

Table 3.4

Xii

LIST OF TABLES
Page

Means and standard errors for mix viscosity at 50 s%, overrun, extent of fat
destabilization (FD), air cell and ice crystal size from ice creams with manipulated
structures. One-way ANOVA and Tukey’s HSD (a.=0.05) tests were
performed to determine significant difference within the

Parameter estimates, coefficients of determination (R? and R2aq;) and F ratios of
multiple linear regression (MLR) models (n=27) for rheological parameters from
the oscillatory thermo-rheometry (OTR), creep/recovery, stress growth and flow
FAMP MEASUIEMENTS. ...ttt et ettt ettt et et e et et et e e e e aeaenes 79

Means and standard errors for tandpeak from ice creams with manipulated
structures. One-way ANOVA and Tukey’s HSD (o = 0.05) tests were
performed to determine significant difference withinthe data ......................... 80

Means and standard errors for mix viscosity at 50s™, overrun, extent of fat
destabilization (FD), air cell and ice crystal sizes of the ice creams with

controlled structural formation. One-way ANOVA and Tukey’s HSD (o = 0.05)
tests were performed to determine significant difference within the data.

Source: Wu, Freire and Hartel (2019) and Chapter 2........cccoevvivveevinvinennn. 131

Means and standard errors for meltdown parameters (drip-through rate and

final height) of the ice creams with controlled structural formation. One-way
ANOVA and Tukey’s HSD (a = 0.05) tests were performed to determine
differences within the data. Source: Wu, Freire and Hartel (2019)................... 132

Means and standard errors for rheological parameters measured at 0°C, storage
modulus (G’ec), residual viscosity from the six-element model (noo-c) in creep

data, yield stress from stress growth (cy o-c) and thixotropy (Thix o-c) from flow
ramp. One-way ANOVA and Tukey’s HSD (a = 0.05) tests were performed to
determine difference within the data. Source: Chapter 2. ................ceeeenennne. 133

Parameter estimates and coefficients of determination (R?) for three term
exponential models (n=27), in which rheological parameters measured at 0°C,
storage modulus (G’e-c), residual viscosity from the creep data fitted by

six-element model (noo-c), yield stress from stress growth (ov o°c) and

rheological destruction from up and down flow ramp (Thix ¢.c from FR). from

the oscillatory thermo-rheometry (OTR), creep/recovery, stress growth and

FlOW ramp MeasUrEMENTS. ... ...ttt e 134



Table 3.5

Table 4.1

Table 4.2

Table 4.3

xiii

Parameter estimates and coefficients of determination (R?) for three term
exponential models (n=27), in which rheological parameters measured at 0°C,
storage modulus (G’e-c), residual viscosity from the creep data fitted by

six-element model (noo-c), yield stress from stress growth (ov o°c) and

rheological destruction (Thix oec). from the oscillatory thermo-rheometry

(OTR), creep/recovery, stress growth and flow ramp measurements................ 134

Comparison of means using Tukey’s HSD for total fat, total solids, ice cream
mix density (ICM density), overrun, extent of fat destabilization (FD), air cell
and ice crystal sizes of commercial ice creams products (o = 0.05). ................ 174

Parameter estimates, coefficients of determination (R? and R2agj) of the
multiple linear regression models for storage (G’) and loss (G”) moduli, loss
tangent (tand), residual viscosity (no) and yield stress (oy) at 0 and 20°C. ......... 175

Comparison of means using Tukey’s HSD for storage (G’) and loss (G”)
moduli, loss tangent (tand), residual viscosity (no) and yield stress (ovs) at 0
and 20°C of commercial ice cream products (0 =0.05)............c.ccoeiviiinnn... 176



Figure 1.1

Figure 1.2

Figure 1.3

Xiv

LIST OF FIGURES

Page
Schematic diagram of phenomenological analysis for stress overshoot data.
Source: Elliott and Ganz (1977) mentioned in Rao (2007).............cccvvivinnee... 23
Shear diagram of shear rate versus shear stress for time-independent flow
behavior, Newtonian, shear-thinning, and shear-thickening. Moreover, fluids
with yield stress, Bingham and Herschel-Bulkley. Source: Rao (2007)............... 26

Diagram for up and down curves of shear stress against shear rate from a stepped
flow test (flow sweep) using parallel plates and steady state sensing (5% tolerance
within 30 seconds in three consecutive sampling) for a typical thixotropic system
with 40% overrun and low fat destabilization at 0°C................cooviiiiiiiinenns 27

Figure 2.1 Particle size distributions for samples: (A) with different levels of stabilizer

Figure 2.2

Figure 2.3

Figure 2.4

Figure 2.5

(S1, S2 and S3 refer to 0, 0.2 and 0.4%, respectively), and constant levels of

PS80 (0.015%) and air flow (11L.h"1); (B) with different levels of air flow

(A1, A2 and A3 refer to 8, 11 and 15L.h%, respectively), and constant levels of
stabilizer (0.2%) and PS80 (0.015%0). .. .eoueinii i 51

(A) Storage (G’) and loss (G”’) moduli behavior for samples SIA1P1

(0% stabilizer, 8L.h* air flow and 0% PS80) and S3A3P3

(0.4% stabilizer, 15L.h* air flow and 0.03% PS80). (B) Tand behavior for the
samples STALIPL and S3A3P3. .. .o 54

(A) Sample S2A2P2 (0.2% stabilizer, 11L.h* air flow and 0.015% PS80) used

as example for maximum creep strain (MCS) and recovery (%R); (B) Springs

and dashpots of the six-element model (Maxwell model in series with two
Kelvin-Voigt models); (C) sample S2A2P2 used as example for prediction

of creep compliance by the six-element model.....................oooiiiiiiinnn.. 59

(A) Schematic diagram of phenomenological analysis adapted from Elliott and
Ganz (1977) and Rao (2007) using sample S2A2P2 at 0°C. (B) Stress growth

test at a constant shear rate of 0.01s using steady state sensing (5% tolerance
within 30 seconds in three consecutive sampling) for samples S1A1P1 and

SBABP3 AL 0°C. . .ttt 63

Log-log plot of up and down curves of shear stress against shear rate from a

flow sweep test using parallel plates and steady state sensing (5% tolerance

within 30 seconds in three consecutive sampling) for a melted ice cream

with 40% overrun and low fat destabilization at 0°C.................cooeiiiiiiiinnn. .. 67



Figure 2.6

Figure 2.7

Figure 3.1

Figure 3.2

Figure 3.3

Figure 3.4

Figure 3.5

Figure 3.6

XV

(A) Shear stress (up and down) and (B) instantaneous viscosity (up and down)
curves for the sample S2A2P2; and (C) schematic diagram to illustrate the
parameters, such as maximum instantaneous viscosity (nm), correspondent

stress to the maximum instantaneous viscosity (omv) and height of the stress

peak (opeak), were obtained from the up shear rate ramp...................ccovveeenn. 68

Correlation between rheological destruction measurement (Thix o-c) and the
observed peak at tand curve (tandpeak) during oscillatory thermo-rheometry
(O R). et e et 71

Behavior of storage modulus (G’oec) versus drip-through rate (DT) for
samples with controlled mix viscosity, overrun and extent of fat destabilization
[Data compiled from Wu et al. (2019) and Chapter 2]. Line is fitted exponential

(A) Drip-through rate (grey circle) and G’ at 0°C (G’o°c) (black square)

versus extent of fat destabilization; (B) Drip-through rate (grey triangle)

and G’o-c (black circle) versus mix viscosity (at 50s?); (C) Drip-through

rate (grey diamond) and G’o-c (black triangle) versus overrun [Data

compiled from Wu, Freire and Hartel (2019) and Chapter 2]..................ceeeen. 98

Behavior of storage modulus (G’o°c) versus and final height (FH) for

samples with controlled mix viscosity, overrun and extent of fat destabilization
[Data compiled from Wu et al. (2019) and Chapter 2]. Line is fitted exponential
MOAEL. ..o e 101

(A) Final Height (hollow circle) and G’ at 0°C (G’o°c) (black square) versus

extent of fat destabilization; (B) Final Height (hollow triangle) and G’oc

(black circle) versus mix viscosity (at 50s); (C) Final Height

(hollow diamond) and G’o-c (black triangle) versus overrun [Data

compiled from Wu et al. (2019) and Chapter 2]..........ccooveviiiiiiiiiiiieiieenn. 102

Behavior of residual viscosity (noo°c) from generalized Kelvin-Voigt model

versus drip-through rate for samples with controlled mix viscosity, overrun and
extent of fat destabilization [Data compiled from Wu et al. (2019) and

Chapter 2]. Line is fitted exponential model..................ooiiiii i 106

(A) Drip-through rate (grey circle) and no ooc (black square) versus extent

of fat destabilization; (B) Drip-through rate (grey triangle) and no o°c

(black circle) versus mix viscosity (at 50s2); (C) Drip-through rate

(grey diamond) and no o-c (black triangle) versus overrun [Data compiled

from Wu et al. (2019) and Chapter 2]..........ccoooiit i 107



Figure 3.7 Behavior of residual viscosity (1o o°c) from generalized Kelvin-Voigt
model versus final height (FH) for samples with controlled serum phase
viscosity, overrun and extent of fat destabilization [Data compiled

from Wu et al. (2019) and Chapter 2]. Line is fitted exponential model...........

Figure 3.8 (A) Final Height (hollow circle) and o o°c (black square) versus extent of
fat destabilization; (B) Final Height (hollow triangle) and no o°c (black circle)
versus mix viscosity (at 50s™); (C) Final Height (hollow diamond) and
no o°c (black triangle) versus overrun [Data compiled from Wu et al. (2019)

aNd Chapter 2] ...

Figure 3.9 Behavior of yield stress (cy o°c) versus drip-through rate (DT) for samples
with controlled mix viscosity, overrun and extent of fat destabilization [Data
compiled from Wu et al. (2019) and Chapter 2]. Line is fitted exponential

Figure 3.10 (A) Drip-through rate (grey circle) and oy o°c (black square) versus extent
of fat destabilization; (B) Drip-through rate (grey triangle) and oy o°c
(black circle) versus mix viscosity (at 50s™); (C) Drip-through rate (grey
diamond) and ov o°c (black triangle) versus overrun [Data compiled

from Wu et al. (2019) and Chapter 2]..........coooiiiiiiiiii e

Figure 3.11 Behavior of yield stress (oy o-c) versus final height (FH) for samples
with controlled mix viscosity, overrun and extent of fat
destabilization [Data compiled from Wu et al. (2019) and Chapter 2].

Line is fitted Michaelis Menten model.........oooeiiie e

Figure 3.12 (A) Final Height (hollow circle) and ov o°c (black square) versus extent
of fat destabilization; (B) Final Height (hollow triangle) and oy o°c
(black circle) versus mix viscosity (at 50s); (C) Final Height
(hollow diamond) and oy o°c (black triangle) versus overrun

[Data compiled from Wu et al. (2019) and Chapter 2].............ccoiviiiininnn.

Figure 3.13 Behavior of thixotropy (Thix o-c) versus drip-through rate (DT) for samples
with controlled mix viscosity, overrun and extent of fat destabilization [Data
compiled from Wu et al. (2019) and Chapter 2]. Line is fitted exponential

Figure 3.14 (A) Drip-through rate (grey circle) and Thix o°c (black square) versus
extent of fat destabilization; (B) Drip-through rate (grey triangle) and
Thix oec (black circle) versus mix viscosity (at 50s?); (C) Drip-through rate
(grey diamond) and Thix o-c (black triangle) versus overrun [Data

compiled from Wu et al. (2019) and Chapter 2]...........cccooviiiiiiiiiiiiinen.

XVi



XVii

Figure 3.15 Behavior of thixotropy (Thix o-c) versus final height (FH) for samples with

controlled mix viscosity, overrun and extent of fat destabilization [Data
compiled from Wu et al. (2019) and Chapter 2]. Line is fitted exponential

Figure 3.16 (A) Final Height (hollow circle) and Thix oec (black square) versus extent

Figure 4.1

Figure 4.2

Figure 4.3

Figure 4.4

Figure 4.5

Figure 4.6

Figure 4.7

Figure 4.8

of fat destabilization; (B) Final Height (hollow triangle) and Thix ¢-c

(black circle) versus mix viscosity (at 50s™); (C) Final Height (hollow

diamond) and Thix o-c (black triangle) versus overrun [Data compiled

from Wu et al. (2019) and Chapter 2].........c.cooviiriiiiiiieie e 126

Particle size distribution of sample 129 used as example of melted ice
cream products. Casein micelle peak between 0.1-0.3 um, initial emulsion
peak between 0.3-5 um, and destabilized fat peak beginning around 5 um.........141

(A) Drip-through curves of samples 880 and 957. (B) Drip-through rate
behavior of commercial ice cream products predicted by extent of fat
destabilization. Triangles are ice cream sandwich samples............................ 150

Behavior of storage (G”) and loss (G”) moduli (A) as well as tand (B) during
oscillatory thermo-rheometry (OTR) of the samples 880 and 957.................... 152

Example for behavior of storage (G’) and loss (G”’) moduli, obtained from
oscillatory thermo-rheometry (OTR), against extent of fat destabilization at

(A) 0°C and (B) 20°C. Triangles are ice cream sandwich samples. Lines are

linear trend lINe. ... ..o 155

(A) Creep and recovery measurements for sample 880 at 0°C used as

example maximum creep strain (MCS) and recovery; (B) springs and

dashpots of the generalized Kelvin-Voigt model (Maxwell unit in series

with N Kelvin-Voigt units); (C) observed creep compliance data over time

with six-element model for sample 880..............ccooiiiiiiiii 158

Influence of (A) fat destabilization, (B) overrun and (C) air cell size on

residual viscosity (no) from six-element models at 0 and 20°C. Triangles are

ice cream sandwich samples. Triangles are ice cream sandwich samples.

Linesare lineartrend line............o oo 160

(A) Schematic diagram for phenomenological analysis using sample 880
at 0°C and (B) stress growth test for samples 957 at 0°C.................coevinnei. 163

Influence of (A) fat destabilization, (B) overrun and (C) air cell size on
residual viscosity (ov) from six-element models at 0 and 20°C. Triangles
are ice cream sandwich samples. Lines are linear trend line........................... 165



XViii

Figure 4.9 Correlations of drip-through rate with (A) storage modulus (G’oc), (B) residual
viscosity (nooec) and (C) yield stress (oy o°c) at 0°C compared to exponential
decay models for ice creams with controlled structural formation from previous
work (Chapter 3). Triangles are ice cream sandwich samples. Lines and
dotted lines are models and their 95% confidence intervals, respectively,
from previous Work (Chapter 3)........ooviiiiirii e 168



Chapter 1

1 Literature Review



1.1 Ice Cream

Ice cream is a complex product, which consists of a multiphasic microstructure formed
mainly during freezing (churning and freezing at the same time) of ice cream mix (Goff and Hartel,
2013). Ice crystals, air cells, and individual and clustered fat globules are dispersed in an unfrozen
serum phase (Goff and Hartel, 2013). Although ice phase affects physical behavior of ice cream
products, such as meltdown and rheological properties, other structural components from air, fat
and serum phase are also important for meltdown and rheology of ice cream.

The legal definition of ice cream is different for each country. In the United States, the
Standard of Identity for ice cream (Code of regulations, Title 2 Food and Drugs, Part 135 Frozen
Desserts) requires at least 10% milkfat and 20% total milk solids. Moreover, minimum
requirements for density (0.54kg/L) and total solids (0.19kg/L) in ice cream leads to approximately
a maximum of 100% overrun (Goff and Hartel, 2013). Formulation and process are the main

variables that affect structural formation in ice cream during freezing.

1.1.1 Ingredients of Ice Cream Mix

Ingredients used in mix formulation depend on quality of suppliers, availability, cost, legal
definitions and market demand (Goff and Hartel, 2013). The levels and nature of ingredients also
affect formation of structural components in ice cream matrix. In turn, structural components and
their arrangement influence meltdown behavior and rheology of ice cream. In this section, the

main ingredients of ice cream mix that affect structure of ice cream will be discussed.



1.1.1.1 Milk Fat

Cream, butter and vegetal fat are the most common sources of fat for mix formulations.
Total fat in ice cream is related to its quality and cost. For instance, ice creams with more than
14% total fat are considered a premium product (Goff and Hartel, 2013). Milk fat contributes to
nutritional aspects, flavor, acts as a synergistic carrier for flavor ingredients added, provides
smooth texture and body, and desirable rheological and melting behavior (Goff and Hartel, 2013;
Hartel et al., 2017). During freezing, individual fat globules may be destabilized due to shear forces
in the barrel promoted by dasher, ice crystal formation, air incorporation and increased viscosity
combined with the membrane composition of fat globules (Goff and Hartel, 2013; Warren and
Hartel, 2018). High fat content in mix may lead to a dry and grainy texture, whereas low fat levels

may lead to a smooth, homogeneous and slightly viscous texture (Walstra et al., 2006).

1.1.1.2 Milk Solids NonFat (MSNF)

Skim or whole milk powder, skim or whole milk, whey powder and whey protein products
are among the main sources of milk solids nonfat (MSNF) in ice cream formulations. Cream is
also a secondary MSNF source when it is used as a milkfat source. MSNF includes casein, whey
proteins, lactose, mineral salts, vitamins and other minor components of milk. MSNF contributes
to flavor, body, texture, freezing point depression, air cell stability and serum phase viscosity (Goff
and Hartel, 2013). Greater protein level increases serum phase viscosity, stabilizes air cells, and
improves body and nutritional value of ice cream. However, increased milk proteins can also
inhibit destabilization of fat globules during freezing, which leads to issues in body, melting and
texture properties of the ice cream (Daw and Hartel, 2015; Segall and Goff, 1999). Lactose content
decreases freezing point and partially contributes sweetness in ice cream. High content of lactose

can lead to greater impact in freezing point depression, malabsorption issues in consumer as well



as possible sensory defect due its crystallization, known as sandiness (Goff and Hartel, 2013;
Hartel et al., 2017). Minerals, mainly calcium and phosphorus, contribute to nutritional value and

also decrease freezing point in ice cream (Goff and Hartel, 2013).

1.1.1.3 Sweeteners

In traditional ice cream, nutritive sugars used in ice cream formulations include cane and
beet sugars, corn sweeteners, maple sugar, honey, and fructose, among others. Sweeteners provide
sweetness, affect ice phase through freezing point depression and improve texture. It is also an
economic source for total solids. Sweeteners also increase acceptability of ice cream by enhancing
flavors, mainly delicate fruit flavors. Lack of sweeteners provides flat taste and harder texture,
while very high levels hide pleasant flavors. High sweetener levels can also impact whippability,
which mainly affects freezing in batch freezers (Goff and Hartel, 2013). Finally, high levels of
sweeteners can also decrease shelf life since increased volume of unfrozen serum phase may also

increase molecular mobility in ice cream.

1.1.1.4 Emulsifiers

Whole eggs or egg yolks were historically added as emulsifiers in frozen desserts to
improve sensory properties (Goff and Hartel, 2013; Hartel et al., 2017). The main types of
emulsifiers added to ice cream formulations in industry are mono- and diglycerides and sorbitan
esters. Blends of mono- and diglycerides and polysorbate 80 (PS80) are commonly used in ice
cream manufacture with ranges of 0.1-0.2% and 0.02-0.04%, respectively (Goff and Hartel, 2013).
Milk proteins in milk are sufficient to stabilize fat globules. However, emulsifier addition improves

stability of air cells and promotes partial coalescence of fat globules during freezing of ice cream



(Goff and Hartel, 2013; Hartel et al., 2017; Walstra et al., 2006). Emulsifiers also improve fat
nucleation during ageing, whippability quality, produce drier and stiffer texture, increase number
of air cells and thinner lamellae, increase resistance to shrinkage and meltdown and provide

smoother texture in ice cream (Goff and Hartel, 2013).

1.1.1.5 Stabilizers

Polysaccharides, which are polymers of sugar residues, are the most common
hydrocolloids used in stabilizer systems of ice cream. Guar gum, locust bean gum (LBG) and
xanthan gum are among the common polysaccharides used as stabilizers. Some polysaccharides,
such as carrageenan, are added as secondary stabilizers to prevent phase separation (Goff and
Hartel, 2013). Proteins (e.g., gelatin), which is less common, has also been used in stabilizer
systems (Hartel et al., 2017; Miller-Livney and Hartel, 1997). Stabilizers are added to primarily
increase viscosity of serum phase in ice cream. This results in a stable foam and suspension of
flavor components, a decrease in moisture migration and shrinkage, increased melting resistance,
more stable melting (without phase separation), a smoother texture and, mainly, a decrease in ice
recrystallization during temperature fluctuations (Goff and Hartel, 2013). Moreover, some
stabilizers, such as LBG, may form a gel-like network in the serum phase, which helps further

decrease ice recrystallization during temperature fluctuations (Goff et al., 1999).

1.1.2 Process
Besides formulation, process conditions can also affect structure formation in ice cream.
Basically, ice cream manufacture operations can be divided into three steps, manufacturing of mix,

dynamic freezing and hardening. In mix manufacture, ingredients are combined and mixed,



followed by pasteurization, homogenization and ageing. After that, mix is frozen, followed by

packaging and hardening steps.

1.1.2.1 Blending and Pasteurization

In general, liquid ingredients, such as cream, milk, syrup, among others, are added first to
the tank. Blending and heating are started at the same time. Then, dry ingredients, such as nonfat
dry milk, sugar, stabilizers, emulsifiers, among others, are added before the mixture reaches 50°C
(Goff and Hartel, 2013).

Batch or high temperature short time (HTST) pasteurization aims to primarily stabilize the
product from a microbiological perspective. Mix is held at 69°C for 30min in batch pasteurization,

while in HTST, mix is heated to 80°C and kept for 25s (Goff and Hartel, 2013).

1.1.2.2 Homogenization

Homogenization process reduces fat globule size to lower than 2um and provides a stable
and uniform mix (Goff and Hartel, 2013). Mix is forced to pass through a very tiny opening of one
or two stages. As large fat globules pass through the orifice, their membranes are broken down
and new tiny globules are formed. In the process, milk proteins are adsorbed to the newly formed
interface (Goff and Hartel, 2013). Overall, homogenization pressure needs to be adapted to fat
content, pasteurization intensity, and, sometimes, even to mix formulation (Walstra et al., 2006).
In general, a pressure of 17MPa (14MPa in first stage and 3MPa in second stage) is used for mix
homogenization (Goff and Hartel, 2013). The process is meant to provide a fine and smooth texture

to the ice cream (Walstra et al., 2006).



1.1.2.3 Cooling and Ageing

After being homogenized, mix is cooled to 4°C and equilibrated (aged) for 4-24h. During
ageing, fat partially crystalizes (Goff and Hartel, 2013) and as emulsifiers (e.g., PS80 or partially
crystalline mono- and diglyceride) are more hydrophobic than milk proteins, they replace milk
proteins in the membrane of the fat globule (Clarke, 2004). Moreover, mix viscosity increases as
stabilizers are hydrated during ageing (Goff and Hartel, 2013). All these events are essential for

the subsequent process.

1.1.2.4 Dynamic Freezing

Mix can be frozen in a batch or continuous freezer. The principles are similar, using a
scraped-surface heat exchanger, with the main difference between batch and continuous being air
incorporation. In a batch freezer, a specific amount of mix is frozen without controlling the volume
of air incorporated (overrun). In a continuous freezer, mix is continuously fed from pumps and
pressurized air is injected at a controlled rate at the inlet of the freezer (Goff and Hartel, 2013). Ice
crystals (dendritic shape) are formed at the wall, scraped off by the dasher, and mixed into the
center of the barrel, where the dendrite branches are separated by agitation and viscous heat. Some
melting occurs due to viscous heat, and migration of water molecules to the partially melted ice
dendrites increases (i.e., cryo-concentration) as temperature in the mixture of ice continues to
decrease. As crystals ripen and become disc-shaped, they keep growing until the draw temperature
(batch freezer) or exit (in continuous freezer) are reached. Therefore, ice crystal formation depends
on dasher speed, overrun, shear forces, residence time in barrel and draw temperature (Cook and
Hartel, 2010; Donhowe et al., 1991; Goff and Hartel, 2013; Hartel, 1996). Typically, draw

temperature is between -5 and -6°C (Goff and Hartel, 2013).



1.1.2.5 Hardening and Storage

After collecting ice cream in a container, the product is soft. Ice crystals show mean size
between 20 and 30um, while after hardening ice crystal size increases to about 35-48um (Cook
and Hartel, 2011). In general, a blast-freezer is set between -25 and -30°C and ice creams are
hardened for 12 to 24 hours. In the hardening chamber, ice cream freezes at a faster rate than in a
regular freezer because of the cold temperatures and high air velocity (Goff and Hartel, 2013).
Conditions of hardening can also affect the ice cream quality (Chang and Hartel, 2002a). This step

is important to minimize ice crystal and air cell growth in the ice cream (Goff and Hartel, 2013).

1.2 Structural Components

Formulation and process affect structural formation of ice cream during freezing. In ice
cream structure, ice crystals, individual and clustered fat globules and air cells are dispersed in an
unfrozen serum phase (Goff and Hartel, 2013). Meltdown behavior and rheology of ice cream are

influenced by the nature and arrangement of these structural components.

1.2.1 Ice Phase

Around 50% of water is frozen after dynamic freezing and about 75 to 80% after hardening
(Goff and Hartel, 2013). Ice crystals vary in size from 1 to 150 pum in diameter (Cook and Hartel,
2010) and have a log normal distribution (Donhowe et al., 1991) with an average size from 35 to
67 pum (Cook and Hartel, 2010; Warren and Hartel, 2014). In general, ice crystals larger than 50pum
can result in coarse or grainy texture if there are enough amount (Arbuckle, 1966; Donhowe et al.,

1991). Several factors and their interactions, such as mix formulations and process conditions,



affect volume and formation of ice crystals in ice cream (Amador et al., 2017; Hartel, 1996; Muse
and Hartel, 2004).

Formulation factors that affect ice crystal size distribution include total solids, sweetener
types and level, among others. For example, Donhowe et al. (1991) found that decreased total
solids of the mix increased mean ice crystal size, which was mainly due to greater ice phase volume
in the system. Moreover, mono- and disaccharide sugars and milk minerals affect ice phase since
they are main the main contributors to freezing point in mix formulation (Goff and Hartel, 2013).

The influence of process conditions on ice crystal size has been widely studied. Ice crystal
size is affected by dasher speed (Russell et al., 1999), draw temperature (Amador et al., 2017;
Muse and Hartel, 2004) as well as type of freezer (Wildmoser et al., 2004). Moreover, Russell et
al. (1999) and Drewett and Hartel (2007) showed that longer residence time within the freezer
results in larger ice crystal formation, which was mainly related to ice crystal ripening during
freezing in the barrel. However, despite numerous advances on the mechanisms of ice
crystallization in the last decades (Cook and Hartel, 2011, 2010; Donhowe et al., 1991), little is
known about the influence of freezer design on ice crystal formation (Hartel et al., 2017). The
effects of parameters such as type of blades, barrel size, and even dasher/beater design, among
others, have not been properly studied.

During storage, recrystallization of ice crystals is probably the main parameter to determine
shelf life of ice cream. Basically, recrystallization occurs due to melting of numerous small ice
crystals, growth of large ice crystals and fusion/accretion of ice crystals (Hartel, 1998).
Recrystallization rate depends on many factors, such as formulation, process and, mainly, storage
conditions (Goff and Hartel, 2013). Recrystallization rate is close to zero at storage temperature

close to glass transition temperature. However, recrystallization rate increases in warmer
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temperature based on the thermodynamic ripening process (Hagiwara and Hartel, 1996; Hartel,
1998; Hartel et al., 2017). This process is further accelerated by temperature fluctuations
(Donhowe and Hartel, 1996; Flores and Goff, 1999a; Goff and Hartel, 2013), which often occur
in ice cream distribution chain and home freezers. Specifically, stabilizers are added to ice cream
mix formulations to decrease recrystallization rate (Hartel, 1998; Hartel et al., 2017). Furthermore,
ice structuring proteins and peptides have been reported to decrease ice recrystallization in ice
cream (Regand and Goff, 2006) and frozen ice cream mix (Wang and Damodaran, 2009),

respectively.

1.2.2 Air Phase

Air in ice cream affects texture, stability, sensory, rheology and meltdown (Eisner et al.,
2005; Goff et al., 1995; Hartel et al., 2017; Sofjan and Hartel, 2004; Wildmoser et al., 2004). Air
can be injected under pressure using a continuous freezer or incorporated by whipping mix under
atmospheric pressure using a batch freezer (Goff and Hartel, 2013). Air phase is described by
overrun, which can be easily controlled in scraped surface continuous freezers, and by air cell size
distribution in ice cream.

Ice cream can have a maximum overrun of 100% in the United States, according to the
Standard of Identity (Code of regulations, Title 2 Food and Drugs, Part 135 Frozen Desserts),
whereas regulations for maximum overrun in ice cream vary in each country (Goff and Hartel,
2013). In a recent study, overrun in commercial ice cream products varied from 22 to 119%
(Warren and Hartel, 2014). Indirectly, overrun can also affect formation of other structural

components. Higher overrun can lead to formation of smaller ice crystals and air cell sizes (Flores
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and Goff, 1999a; Sofjan and Hartel, 2004). Moreover, overrun can also affect the rheological
properties of ice cream (Wildmoser et al., 2004).

In general, mean air cell size in ice cream is around 20um (Chang and Hartel, 2002b; Goff
and Hartel, 2013), with commercial ice cream products varying from 17.1 to 39.5um (Warren and
Hartel, 2014). Within an ice cream, the air cell size distribution can span from a few to over 100
pum (Goff and Hartel, 2013). Air incorporated increases shear forces in the freezer barrel, which
leads to further breakdown of air cells in the freezer (Chang and Hartel, 2002c; Sofjan and Hartel,
2004; Warren and Hartel, 2018). After freezing, air cell size is influenced by hardening and storage
conditions (Chang and Hartel, 2002a).

Air cell size changes during storage can lead to shrinkage of the ice cream. Specifically,
this process can be accelerated by pressure changes during transport of ice cream (Dubey and
White, 1997; Hartel et al., 2017). This defect leads to lower acceptability of the ice cream (Goff
and Hartel, 2013; Hartel et al., 2017). Moreover, Chang and Hartel (2002c) observed that air cells
became interconnected, and created channeling during long-term storage of ice cream. Lower

storage temperatures increases the stability of air cells, by limiting diffusion rates.

1.2.3 Fat Phase

Fat content and type used in ice cream depends on regulations of each country. In the US,
according to standard of identity (Code of regulations, Title 2 Food and Drugs, Part 135 Frozen
Desserts), ice cream should have at least 10% milkfat. Milkfat content is often associated with
quality and cost of ice cream. In general, premium and superpremium ice creams contain more

than 12% fat (Goff and Hartel, 2013; Hartel et al., 2017). Fat provides smooth texture, body
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retention and desirable melting properties as well as increases flavor richness and acts as carrier
for added flavor compounds (Goff and Hartel, 2006).

Individual fat globule size can vary from 0.5 to 3um, with a mean size of 0.8 um in ice
cream mix (Goff and Hartel, 2013). Emulsifiers partially replace proteins in the fat globule
membrane during physical ageing. As ice crystals form and viscosity of slurry in the barrel
increases, shearing forces increase, and chances of fat globules sharing liquid fat also increases.
As there are fat crystals within those fat globules, a partial coalescence of globules occurs (Goff
et al., 1987; Goff and Hartel, 2013; Muse and Hartel, 2004; Pawar et al., 2012). Besides interfacial
tension (Goff and Hartel, 2013), this arrested coalescence among the fat globules is also affected
by elastic moduli and radii of the droplets (Thiel et al., 2016). Fat globule clusters range from 5 to
over 100um (Goff and Hartel, 2013). The percentage of partially-coalesced fat globules, also
known as extent of fat destabilization, is influenced by formulation and process conditions
(Amador et al., 2017; Daw and Hartel, 2015; Granger et al., 2005; Warren and Hartel, 2018;
Wildmoser et al., 2004). In addition, structural components, such as serum phase with different
viscosity and overrun, were also reported to affect fat destabilization during freezing (Amador et
al., 2017; Goff and Spagnuolo, 2001; Muse and Hartel, 2004; Warren and Hartel, 2018).

Fat destabilization is measured by the percentage of destabilized fat globules formed during
dynamic freezing, which is calculated from the ratio of fat clusters in the ice cream to the initial
emulsion globules in the mix. Fat destabilization ranges from 2.6 to 55.3% in commercial ice
cream products (Warren and Hartel, 2014). The extent of fat destabilization was reported to affect
ice cream rheology (Wildmoser et al., 2004). Moreover, high fat destabilization reduces sensory
iciness (Amador et al., 2017) and decreases meltdown rate (Bolliger et al., 2000; Koxholt et al.,

2001; Muse and Hartel, 2004; Segall and Goff, 2002; Warren and Hartel, 2018, 2014) in ice cream.
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On the other hand, excess of fat destabilization can lead to buttery texture in ice cream (Goff and

Hartel, 2013).

1.2.4 Serum Phase

Serum phase, or the unfrozen liquid phase, is a freeze-concentrated solution of sugars
(sucrose and lactose) and salts with proteins and stabilizers. Other structural elements, such as ice
crystals, air cells and fat globules, among others, are dispersed in this continuous phase and held
together in the matrix (Goff and Hartel, 2013). Serum phase mechanical behavior depends
primarily on mix formulation and temperature of the ice cream.

Freezing point depression, which is affected mainly by sugars and salts, in mix formulation
determines the volume of ice phase in ice cream. Higher freezing point means greater ice phase
volume, which directly affects the hardness of ice cream (Goff and Hartel, 2013; Hartel et al.,
2017). Moreover, as temperature decreases, the volume of ice phase and serum phase viscosity
increase. At some point, as freeze-concentration and serum phase viscosity increase, the system
reaches the glass transition at temperatures from -32 to -40°C. At this temperature, molecular
mobility is drastically reduced, and product is very stable (Goff and Hartel, 2013; Hartel et al.,
2017).

Although stabilizers increase stability of ice cream at low temperatures, they do not affect
the glass transition because they are added at such low levels (Goff et al., 1993). Stabilizers are
added mainly to reduce ice recrystallization in ice cream (Flores and Goff, 1999b; Hagiwara and
Hartel, 1996; Miller-Livney and Hartel, 1997; Regand and Goff, 2003). Higher mix viscosity also
influences sensory (Amador et al., 2017) and rheological properties of ice cream (Goff et al., 1995).

Furthermore, mix viscosity can also be affected by type and level of proteins in the mix
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formulation, which can also affect fat destabilization and drip-through rate (Daw and Hartel,
2015).

On the other hand, depending on type and content, stabilizers can also present
incompatibility with milk proteins in ice cream, which results in phase separation in the serum
(Goff and Hartel, 2013). Another defect related to serum phase is the supersaturation of lactose
dur to freeze concentration (Goff and Hartel, 2013; Hartel et al., 2017). Depending on formulation
and storage conditions, lactose can crystallize during storage and lead to a coarse texture, with

sandy feeling in the mouth.

1.3 Ice Cream Meltdown

Melting properties are probably among the most important quality parameters in ice cream.
Melting characteristics are related not only to sensory properties (melting mouthfeel of ice cream),
but also melting resistance during the consumption of ice cream. The melting behavior is measured
mainly by meltdown tests. Many factors influence ice cream meltdown. Most of the structural
components previously discussed, to a greater or lesser extent, affect meltdown behavior of ice
cream. As heat penetrates the ice cream, ice crystals melt and dilute the freeze-concentrated serum
phase. This lower viscosity serum phase then drains through the matrix lamellae. This drainage
may be fast or slow depending on the obstacle nature faced by serum phase during meltdown in
matrix. Thus, this matrix arrangement also affects the remnant foam on the top of the screen after
the test (Goff and Hartel, 2013).

Heat transfer as well as melting and dispersing of melted ice (water) into serum phase is

affected by ice phase nature (Goff and Hartel, 2013). Muse and Hartel (2004) found positive
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correlation between ice crystal size and melting rate. In other words, larger ice crystals led to faster
drip-through on the screen.

Higher overrun reduces meltdown rate in ice cream (Sakurai et al., 1996; Sofjan and Hartel,
2004; Warren and Hartel, 2018). Air phase affects not only thermal diffusivity, but also the
rearrangement of the matrix during meltdown test. As ice cream collapses during the test, air cells
stack on top of each other (Goff and Hartel, 2013). Smaller air cell size is expected to increase
stability of ice cream during meltdown (Goff and Hartel, 2013). In addition to the lower melting
rate of higher overrun ice cream, Sofjan and Hartel (2004) also found an inverse correlation
between air cell size and overrun. Therefore, stability of air cells will determine the retention of
structure on the screen, which, consequently, also affects meltdown rates (Goff and Hartel, 2013).

Partially-coalesced fat globules surrounding air cells provide more stability, hence greater
meltdown resistance (Bolliger et al., 2000; Goff and Jordan, 1989; Muse and Hartel, 2004; Segall
and Goff, 2002; Warren and Hartel, 2018). Fat clusters distributed through lamellae create a fat
network and decrease melting rate in ice cream (Goff and Hartel, 2013; Muse and Hartel, 2004).
Moreover, depending on the size, lamellae in the matrix can also be blocked by individual or
clustered fat globules; thus, drainage during meltdown test is also reduced (Koxholt et al., 2001;
Warren and Hartel, 2014).

Serum phase viscosity also influences melting rate (Amador et al., 2017; Muse and Hartel,
2004; Yuennan et al., 2014). After being diluted by melted ice, higher serum phase viscosity slows
the drainage through the lamellae (Goff and Hartel, 2013). EI-Nagar et al. (2002) found that
increased mix viscosity with inulin added to formulation decreased meltdown rate. Huppertz et al.
(2011) also found that increased mix viscosity, which was due to high pressure treatment of mix,

increased melting resistance in ice cream.
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Although many studies on meltdown behavior have been performed, little is known about
its correlation with rheological properties of ice cream. Greater understanding of this correlation
may aid in ice cream quality assessments since instrumental tests can provide more accurate
information. In addition, a mapping of rheological and meltdown properties can assist in research

and development of new products in the frozen dessert industry.

1.4 Ice Cream Rheology

Structural components and their arrangement in the ice cream matrix strongly affect ice
cream rheology. Rheological behavior influences not only texture and sensory properties, but also
melting behavior of ice cream. In other words, mechanical performance of an ice cream slab on
the top of a screen during meltdown test depends on its elastic, viscous and viscoelastic behaviors.
Although all structural components and their interactions in intrinsic structural arrangement are
important for the overall mechanical behavior during meltdown, some components may have
stronger or weaker influence depending on the rheological property evaluated. Different
rheological tests presented in the next sections not only have similar rheological parameters that
can confirm results with each other, but also have parameters that are unique to each test. These
singular parameters may assist academia and industry to characterize important physical and

meltdown properties evaluated in research and new product development.

1.4.1 Oscillatory Thermo-Rheometry (OTR)
Small amplitude oscillatory shear (SAOS), also known as dynamic rheological
measurement, is among the most common methods to evaluate viscoelastic properties of ice cream

and other food products (Dogan et al., 2013; Dolz et al., 2008; Goff et al., 1995; Gunasekaran and
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Ak, 2000; Rao, 2007). This is a sensitive nondestructive method that allows rheological parameters
to be related to molecular motion events, such as melting and glass transition (Gunasekaran and
Ak, 2000). In SAOS, a small sinusoidal strain (y) or stress (o) with a frequency is applied to the
sample and o (or y) is measured (Gunasekaran and Ak, 2000; Rao, 2007). These measurements
are carried out within the Linear Viscoelastic Regime (LVR); that is, preset y (or o) are
proportional to ¢ (or y) (Gunasekaran and Ak, 2000). Initial sweeps of y or ¢ amplitude are
conducted to ensure the measurements are performed within the LVR. In a preset sinusoidal vy

input within the LVR, the output o is (Gunasekaran and Ak, 2000; Rao, 2007):

ot = v,G' sin(wt) + ¥,G cos(wt) (1.2)

Here, G’ is shear elastic or storage modulus and G” is shear viscous or loss modulus, which
are frequency dependent functions. After a complete cycle, the deformation energy is available
and can be used as a driving force to either recover the initial shape, or to flow the sample
completely or some combination of both. Some samples (truly elastic materials) present a
reversible deformation, in which they store the whole deformation energy during the deformation
cycle and use this energy to completely recover the structure (Gunasekaran and Ak, 2003; Mezger,
2006). However, food systems, such as ice cream, show an intermediate behavior. In other words,
those samples will use one part of the deformation energy available to partially recover from the
deformation and another part will be lost (Mezger, 2006). Thus, from an energy perspective, G’
measures the stored and released deformation energy per deformation cycle per unit volume, which

is related to elastic behavior of molecular events, and G” measures the dissipated deformation
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energy as heat per deformation cycle per unit volume, which is related to viscous behavior of
molecular events.

In OTR, mechanical and thermal analyses are carried out at the same time to obtain
information about microstructure and sensory properties (Wildmoser et al., 2004). Wildmoser et
al. (2004), using OTR from -20 to 10°C, correlated G’ and G” with microstructure and quality
(sensory) properties of ice cream. Higher overrun and smaller connectivity of ice crystals showed
smaller G’ and G” values below -10°C and both G’ and G” were correlated with sensory properties
of rigidity and scoopability of ice cream. Between -10 and 0°C, lower overrun led to steeper slopes
of G’ and G” and both G’ and G” were correlated with sensory impression of coldness. Between
0 and 10°C, greater overrun led to greater G”, which was correlated to enhanced creaminess.
Granger et al. (2005), also using OTR, found that emulsifier with unsaturated fatty acids led to
greater fat destabilization, increased melting time and giving higher G’ values at 5°C. Goff et al.
(1995) observed G’ and G” in stabilized ice creams lower than unstabilized ice creams at
temperatures between -15 and -8°C; also, higher overrun led to higher G’.

Another common parameter from SAOS is the ratio between viscous and elastic properties,

loss tangent or damping factor (tand):

tans =G/, (1.2)

Tang, also a function of frequency, provides information about the relative effects of viscous and
elastic properties in a viscoelastic behavior (Gunasekaran and Ak, 2000). At low temperatures
(between -15 and -6°C), tand was reported to be lower in stabilized ice creams than unstabilized

ice creams due to elasticity from the gel network of proteins and polysaccharides (Goff et al.,
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1995). Granger et al. (2005), investigating the influence of formulation on structure of ice cream
using OTR, reported that a peak of tand between -10 and 0°C was related to a decrease in ice phase
fraction. Tsevdou et al. (2015), using OTR, correlated tand to storage time of ice creams. The
increased storage time of ice creams led to an exponential decrease of tano at -8°C.

In other dairy products, tand obtained from OTR measurements has been related to
meltability of Cheddar cheese (Ustunol et al., 1995) as well as used to predict meltability of
imitation cheese (Mounsey and O’Riordan, 1999). A peak of tand from OTR using vertical
oscillation was found for Gouda cheese samples at different maturation stages (Taneya et al.,
1979), as mentioned by Gunasekaran and Ak (2003). However, potential slippage and disruption
of sample as well as the assertion that strain amplitude was within LVR were not addressed in the
work. Wetton and Marsh (1990) also found peak of tand from OTR evaluating casein samples and
showed plasticization effect in the samples with different moisture content. Moreover, tand
obtained from frequency sweeps has been related to relaxation of bonds in milk gels (Lucey, 2002;
van Vilet et al., 1989) and used to study viscoelastic properties of mozzarella (Ak and
Gunasekaran, 1996).

Therefore, a better understanding of tand behavior will likely contribute to further
knowledge of the structural arrangement in ice cream. Moreover, information about melting
behavior of ice cream can probably be obtained from OTR by evaluating correlations between

rheological and meltdown properties.

1.4.2 Creep and Recovery
In general, SAOS is among the most common methods to study viscoelastic properties of

foods. However, another technique is needed to further understand internal structures due to
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composition changes in a food product (Dogan et al., 2013; Dolz et al., 2008; Toker et al., 2013).
A common technique for these studies is creep and recovery measurements (Dogan et al., 2013).
In a creep test, which is a transient method, the material at rest is submitted to a sudden
step increase in stress (Steffe, 1996). The constant stress (Gconstant) iS chosen within the LVR based
on preliminary oscillatory stress amplitude sweeps. The ceonstant IS applied to the sample and strain
(y) is recorded over time (t) until the sample reaches steady state. In recovery, the load (Gconstant) IS
released, and the recovery of structure is measured until the sample again reaches steady state.

In data analysis, shear creep compliance (J) is commonly plotted over time (Steffe, 1996):

J= f(t) = y/aconstant (13)

These data are described using mechanical models (spring and dashpots). In many
situations, the simplest phenomenological-rheological model is chosen since there are no
well-established criteria on physical principles for food and biological materials (Purkayastha et
al., 1984). Creep behavior of biological and polymeric systems is often described by a generalized
Kelvin-Voigt model (also known as discrete retardation spectrum) with more than one retardation
time (Ahmed, 2015; Gunasekaran and Ak, 2003; Kaschta and Schwarzl, 1994; Purkayastha et al.,

1984).

J@®) = Jo + XL Ji[1 — e + t/ng (1.4)

Here, J(t) is shear creep compliance over time (t), ©i are retardation times, Ji are retarded

compliances (represent viscoelastic behavior), Jo is instantaneous compliance (represents elastic
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behavior) and 1o is residual viscosity (represents viscous behavior). From the model, parameters
of each element can be determined. Go (spring) and no (dashpot) of the Maxwell unit are the elastic
modulus and residual viscosity, respectively. From the Kelvin-Voigt units, G; (springs) are the
retarded elastic moduli and ni (dashpots) are internal viscosities (Dogan et al., 2013).

A six-element model was used by Shama and Sherman (1966) as well as Sherman (1966)
to describe creep behavior for ice cream and ice cream mix, respectively. Shama and Sherman
(1966) suggested that each element of the six-element model represents mechanical behavior of
one structural component in frozen ice cream. Go was primarily influenced by ice crystals, G:
influenced by weak stabilizer gel, n1 influenced by fat crystals, Gz influenced by protein enveloped
air cells, n2 influenced by weak stabilizer gel as well as protein enveloped air cells and, no
influenced by ice and fat crystals. A four-element model, also known as Burgers model, was used
by Sherman (1966) to study creep behavior of melted ice cream at 20°C. Furthermore, Sherman
(1966) suggested that globules of 0.5um or smaller were related to the second Kelvin-Voigt unit
(G2 and 1) added to the six-element model to study creep behavior of mix. On the other hand,
Dogan et al. (2013) used Burgers model to evaluate creep behavior of ice cream mixes with
different concentrations of xanthan gum. Therefore, although there were studies on creep behavior
of frozen and melted ice cream a few decades ago, some updates are needed since instrumental

techniques have evolved over time.

1.4.3 Stress Growth
Stress growth, also commonly known as stress overshoot, is a start-up flow method, where
material at rest is suddenly submitted to a constant shear rate (Steffe, 1996). Stress overshoot is

common in a sample experiencing some structure breakdown (Elliott and Ganz, 1977). However,
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this test has a singularity. It has been categorized based on transient viscoelastic flow of the sample
(Rao, 2007; Steffe, 1996) as well as on large final deformation property of the sample after
reaching the steady state (Lucey et al., 1997; Luyten et al., 1994). This measurement may not only
validate results from other tests and obtain viscosity measurement at a low shear rate, but also
obtain the yield stress (oy) of the matrix.

A phenomenological analysis has also been proposed for stress overshoot data (Elliott and
Ganz, 1977; Rao, 2007). The schematic diagram obtained from Rao (2007) is presented in
Figure 1.1: t is time, oa is stress at the end of the elastic portion, op is peak shear stress, 6. IS
equilibrium shear stress and or is residual shear stress after shearing has stopped. Correspondent
strains (y) for those stress and time values are yta, yp (which is the strain correspondent to the op)
and vw. Furthermore, the product of the shear rate and time is the total deformation at different
shear time. Therefore, equations for shear modulus (G), equilibrium viscosity (1) and work of

structure breakdown (W) can be determined from the previous definitions (Rao, 2007):

G = dc/dy = GA/YtA (2.2)
N = 0w /Y (23)
W =y [ (c—0s)dt (2.4)

Here, v is constant shear rate, A is time that stress curve overshot ¢, and B is time that 6. was
achieved. Moreover, excess work of structure breakdown (W) is the area above the extrapolated

O line.
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Figure 1.1 Schematic diagram of phenomenological analysis for stress overshoot data.
Source: Elliott and Ganz (1977) mentioned in Rao (2007).
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Yield stress (oy), which corresponds to op in Figure 1.1, is the minimum stress required to
initiate flow of a material (Sun and Gunasekaran, 2009). Measurements of oy and yield strain (yy)
have been obtained from experiments at constant shear rate to evaluate mixtures of polysaccharides
as well as acid gels made from heated milk (Lucey, 2001; Lucey et al., 1997; Luyten et al., 1994).
Scoopability and ability to dip ice cream have been correlated to oy measurements (Briggs et al.,
1996). Another possibility may relate oy to the ability of the ice cream matrix to remain on the top
of the screen after a typical meltdown test.

Sherman (1966) compared mix to melted ice cream at 0.133 and 1.197s™. Interestingly,
shear stress curves of mix at both shear rates presented stress values greater than melted ice cream.
However, this was probably due to experimental conditions. The ice cream was placed to melt a
few hours at 20-21°C. Then, mix and melted ice cream were cooled and evaluated at -5.5°C. Thus,
two possibilities need to be considered here. First, the presence of possible bubbles in melted ice
cream may have affected thermal conductivity during experiments; thus, greater formation of ice
crystals probably occurred in mix compared to refrozen ice cream, and hence, greater stress values
were probably presented by mix. Secondly, since samples were analyzed at -5.5°C, it is possible
that ice crystal formation also led to some increase in normal force during shear; that is, shear
stress measurements were probably distorted during the experiments. Therefore, although stress
growth measurement has been reported to be a useful tool to evaluate food matrices, its potential
to evaluate structure of ice cream products has not been completely explored yet. Moreover, oy

could assist to further characterize and understand meltdown properties of ice cream.
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1.4.4 Flow Ramp and Thixotropic Loop

Flow properties are a common tool for quality control of food products. In general, fluid
flow behavior is characterized using a shear diagram with shear rate versus shear stress. Flow
behaviors in Figure 1.2 illustrate time-independent fluids; that is, fluid does not depend on duration
of shearing, it depends only on shear rate (Rao, 2007). In general, steady state flow measurements
are not recommended for ice cream since, depending on temperature and shearing, ice phase can
not only melt, but also create normal force during the measurements, hence giving unreliable
rheological data.

A typical ice cream matrix at 0°C shows no ice phase as well as, depending on the sample
preparation, no major structural damage in absence of ice crystals. The flow behavior of a
thixotropic system is illustrated in Figure 1.3 using a stepped flow test (flow sweep) diagram. This
system shows time-dependency in the upward curve. However, the downward curve of the matrix
approaches a shear-thinning behavior. Overall, food products with time-dependent shear-thinning
behavior show thixotropic flow behavior (Rao, 2007). In a fluid with thixotropic behavior, when
forces during shear are high enough, inter-particle bonds are broken down, structural unit sizes are
reduced and flow resistance is lowered during shear; after that, initial structure is slowly recovered
at rest (Barnes, 1997; Rao, 2007).

Although it is known that the melted ice cream matrix at 0°C behaves as a weak gel (Goff
and Hartel, 2013; Granger et al., 2005; Wildmoser et al., 2004), a flow ramp test could be used to
evaluate time dependence of the remnant foam using large deformations. Furthermore, rheological
destruction could be empirically quantified as thixotropy to infer information about initial

structural formation in the melted matrix.
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Figure 1.2 Shear diagram of shear rate versus shear stress for time-independent flow behavior,
Newtonian, shear-thinning, and shear-thickening. Moreover, fluids with yield stress, Bingham and
Herschel-Bulkley. Source: Rao (2007).
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Figure 1.3: Diagram for up and down curves of shear stress against shear rate from a stepped flow
test (flow sweep) using parallel plates and steady state sensing (5% tolerance within 30 seconds in
three consecutive sampling) for a typical thixotropic system with 40% overrun and low fat

destabilization at 0°C.
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1.5 Summary

Numerous studies on meltdown behavior of ice cream have been performed. These studies
generally correlate meltdown properties with structural elements. However, little is known about
the correlation not only with rheological destruction, but also with other rheological properties of
ice cream. Greater understanding of these correlations may aid in ice cream quality assessments
since instrumental tests can provide more accurate information. In addition, a mapping of
rheological and meltdown behaviors can assist in research and development of new products in

frozen dessert industry.
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Chapter 2

2

Effects of Serum Phase Viscosity, Partially-Coalesced Fat Globules and Overrun on

the Rheological Properties of Ice Cream
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2.1 Abstract

Ice cream rheology is strongly influenced by ice phase presence, although other structural
components also affect its rheological behavior. Despite important advances in ice cream rheology
in recent decades, the influence of structural components on rheological behavior of ice cream
matrix has not yet been fully elucidated. Moreover, rheological parameters that may be important
for mechanical performance of ice cream in its melting properties have not been studied yet. In
this context, the effects of structural components were evaluated on rheological properties of ice
cream. Polysorbate 80 (PS80), air flow and stabilizer aimed to change the extent of fat
destabilization (FD), overrun and mix viscosity (serum phase viscosity), respectively, in ice
creams. Rheological properties of ice creams were obtained from oscillatory thermo-rheometry
(OTR), creep/recovery, stress growth and flow ramp measurements. In OTR, mix viscosity,
followed by overrun, influenced G’ and tand below -10°C. When ice phase decreased (between
-10 and -2.7°C), mix viscosity had reduced effects, but continued to strongly affect G* and tano,
followed by FD, and with lower effects from overrun. When the ice phase was completely melted
at 0°C, FD had most influence on G’ and tand, followed by overrun, and with lower effects from
mix viscosity. Six-element model described well creep behavior of melted ice cream at 0°C.
Viscous behavior at lower shear rate (1o occ) Was most influenced by mix viscosity, followed by
FD, and lower overrun effects. Transient behavior, represented by oy o°c, 0f melted matrix at 0°C
was most influenced by FD, followed by mix viscosity, with lower overrun effects. Thixotropy,
from flow ramp measurement, was most affected by mix viscosity, followed by overrun, and with
lower FD effects. Moreover, correlation between Thix ¢.c and tandpeak Suggested that structure
formation affected the magnitude of tandpeak. The most influential structural component on each
rheological response varied on the type of shear applied to sample, which emphasized the

importance of different rheological tests used to characterize the wide range of structures.
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2.2 Introduction

The nature and intricate arrangement of structural components, such as ice crystals,
partially-coalesced fat globules, air cells and unfrozen serum phase, affect directly the meltdown
and rheological properties of the ice cream matrix. In fact, the rheological behavior of ice cream
is mainly governed by ice phase presence (Goff et al., 1995; Granger et al., 2005; Shama and
Sherman, 1966; Wildmoser et al., 2004). Nevertheless, other factors, such as partially coalesced
fat globules, overrun and unfrozen serum phase, also affect the rheological behavior in the matrix
(Goff et al., 1995; Goff and Hartel, 2013).

After the dynamic freezing, fat globules may stay either as individual fat globules or as
partially-coalesced fat globules, with an average size from 0.5 to 3 um and from 5 to 80 um (Goff
and Hartel, 2013), respectively. The fat destabilization influences sensory properties and melt
resistance (Amador et al., 2017; Warren and Hartel, 2018, 2014). Consequently, fat destabilization
also affects the rheological properties of the ice cream matrix.

The gas phase in ice cream can be represented by overrun (amount of air incorporated) and
size distribution of air cells. Overrun can be easily controlled in scraped-surface continuous
freezers. The air incorporated can provide smother texture, higher melt resistance and lower
hardness (Sofjan and Hartel, 2004). Some secondary effects, such as smaller ice crystal and air
cell sizes, have been also reported due to increased levels of overrun (Flores and Goff, 1999a;
Sofjan and Hartel, 2004). Moreover, the overrun can also affect the rheological properties of ice
cream (Goff et al., 1995; Wildmoser et al., 2004).

The unfrozen serum phase is a freeze-concentrated phase, with sugars (sucrose and lactose)
and salts in solution. The serum phase interacts with other structural elements, such as ice crystals,

air cells and fat globules, among others, and keeps them together in the matrix (Goff and Hartel,
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2013). The addition of stabilizers has been reported to retard ice recrystallization (Flores and Goff,
1999b; Hagiwara and Hartel, 1996; Miller-Livney and Hartel, 1997; Regand and Goff, 2003) and
decrease drip-through rates (Goff and Hartel, 2013; Muse and Hartel, 2004) in ice creams. In
addition, the mix viscosity affects not only the sensory properties (Amador et al., 2017), but it also
can affect the rheological properties in ice creams (Goff et al., 1995).

In this context, a combination of oscillatory, transient and rotational rheological
measurements can provide substantial information about the structure and melting behavior as well
as confirm the results of one test with another. The rheological characterization of ice creams with
controlled structural formation can help elucidate the correlation between rheology and ice cream
microstructure. Thus, the goal of this study was to assess the effects of partially-coalesced fat

globules, overrun and serum phase on the rheological properties of full fat ice creams.

2.3 Materials and Methods
2.3.1 Materials

Cream, nonfat dry milk, sucrose, stabilizers and emulsifiers were used to make the ice
cream mixes. Cream, sucrose (United Sugars, Edina, MN, USA) and nonfat dry milk (Dairy
America, Fresno, CA, USA) were obtained from the Babcock Hall Dairy Plant (Madison, WI). A
stabilizer blend (Germantown™ Premium I.C., New Century, KS, USA), including locust bean
gum (LBG), guar gum, and carrageenan, and mono-and diglycerides (Grinsted® HV 52 K-A, New
Century, KS, USA) (MDG) were purchased from Danisco USA. Polysorbate 80 (PS80) was

obtained from Avatar® (Avapol™ 80K Sorbitan Ester, University Park, IL, USA).
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2.3.2 Experimental Design

This study aimed to evaluate the effects of structural components, such as serum phase
viscosity (mix viscosity), partially coalesced fat globules (fat destabilization) and overrun, on the
rheological properties of full fat ice cream. For this purpose, a 3x3x3 factorial was designed with
different levels of stabilizer, polysorbate 80 (PS80) and air flow (overrun). Different levels of
stabilizer (0, 0.2 and 0.4%), PS80 (0, 0.015 and 0.030%) and air flow (8, 11 and 15L.h) were
utilized to change the mix viscosity, the extent of fat destabilization and overrun, respectively.
Table 2.1 shows the experimental design and the controlled target structural components. The
factorial was performed in duplicate. Ice cream mixes and ice creams were randomly made and

randomly frozen, respectively.

2.3.3 Formulation and Processing

Formulation of the ice cream mixes included 12% fat, 11.3% milk solids nonfat, 16.9%
sucrose, 0.15% MDG, 0 to 0.4% stabilizer and 0 to 0.03% PS80. Total solids were approximately
40.5% and freezing point was -2.72+0.06°C.

Dry and liquid ingredients were blended and heated to 85°C using a Stephan mixer
(Stephan Food Processing Machinery, Hamelin, Germany), which was a batch-jacketed system.
Then, the mixture was homogenized using a two-stage homogenizer (Manton-Gaulin MFG, Co.
Inc., Everett, MA, USA) at 17.2 MPa (3.4 and 13.8MPa in the second and first stages,
respectively). After that, the mixture was cooled to 10°C in the Stephan mixer and aged for
approximately 24 hours at 4°C.

A Hoyer Frigus KF 80 F continuous freezer (Tetra Pak Hoyer Inc., Aarhus, Denmark) was

operated in manual mode with 500RPM dasher speed to make the ice creams. The levels of air
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flow were changed according to the target overrun (8, 11 and 15L.h* for 50, 75 and 100%,
respectively) at constant pump ratio (0.99+0.00), which is the ratio between the mix and ice cream
pump. Fine adjusts for the target overrun were made by controlling the flow of ice cream (pump
system) in the freezer (22.0+0.4L.h™Y). After reaching the draw temperature (-6.05+0.01°C), which
was measured by an internal thermometer upon exit of the barrel in the freezer, and overrun
(50.2+0.2%, 75.1+0.2% and 99.6+0.2%), ice cream samples were collected in a container
(473mL). The samples were placed in a hardening cabinet (-29°C). After around one hour, samples

were transferred to a walk-in freezer at -29°C.

2.3.4 Structural Components (Physical, Compositional and Structural Measurements)

Ice cream mix before and after the homogenization were analyzed for fat globule size
distribution, using light scattering analysis, and confirmed by using optical light microscopy.
Moreover, the viscosity of the aged ice cream mixes was measured. During the dynamic freezing,
draw temperatures and overrun were measured. After the hardening step, particle/fat globule size
distribution, optical light microscopy, air cell size distribution, ice cell size distribution and
rheological measurements were performed on the ice cream samples. All analyses were carried

out in triplicate.

2.3.4.1 Ice Cream Mix Rheology

Flow sweep, flow ramp and oscillatory measurements of ice cream mixes were performed
using a rotational rheometer (DHR-2, TA Instruments, New Castle, DE, USA) with cup and bob
geometry at 0°C. This temperature of analysis was chosen to match with the temperature of the

rheological measurements carried out on the melted ice cream. The mix was allowed to equilibrate
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in temperature for 5 minutes. A logarithmic flow sweep, 10 data points per decade, was carried
out from 100 to 1s™ shear rate using steady state sensing (5% tolerance within 30 seconds in 3
consecutive sampling with 180 seconds maximum equilibration time). Apparent viscosity was
recorded at 50s™ shear rate and the Herschel-Bulkley model, which was found to be the best model,

was used to fit the data:

o= 0y+k xy" (2.1)

Here, o is the shear stress (Pa), oo is the yield stress (Pa), k is the consistency coeffiecient (Pa.s"),
v is the shear rate (s) and n is the flow behavior index (dimensionless).

Flow ramp measurements were carried out at 0°C on mix formulations with 0, 0.2 or 0.4%
stabilizer and 0.03% PS80. Shear rate was increased from 0.001 to 100 s with 10 points per
decade for 10 minutes, followed by a decreasing shear ramp from 100 to 0.001 s for another 10
minutes. Instantaneous shear stress and viscosity were obtained over time. Thixotropy was
obtained by calculating the area between the shear stress curves using the TRIOS software (2019
TA Instruments—Waters LLC, New Castle, USA).

Frequency sweep tests were performed in mix formulations with 0, 0.2 or 0.4% stabilizer
and 0.03% PS80. Two mix samples with the extreme stabilizer levels, 0 and 0.4% (S1 and S3,
respectively, see code in Table 2.1) were used to characterize the linear viscoelastic regime (LVR)
of the mixes. After that, logarithmic frequency sweep, 10 points per decade, was performed using
0.1% strain from 0.5 to 628.3rad.s™ at 0°C. Storage modulus (G'"), loss modulus (G”) and loss

tangent (tand) were obtained.
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2.3.4.2 Overrun

The same volumes of mix and ice cream (177.4mL) were weighed and the overrun obtained
using the percentage difference between the mix and ice cream weights to the ice cream weight
(Goff and Hartel, 2013). After reaching equilibrium temperature and overrun during freezing,
overrun measurements were obtained prior to collecting samples from the beginning, middle and

end of production.

2.3.4.3 Particle/Fat Globule Size Distribution

Laser light scattering (Malvern Mastersizer 2000, Malvern Instruments Ltd.,
Worcestershire, UK) was used to obtain the particle size distributions of the mix and melted ice
cream (Goff and Hartel, 2013). Two to four drops of the sample (4°C) were used to obtain
obscuration values from 13 to 15%. The refractive index for the dispersant (deionized water) was
1.33 and the refractive index for the dispersed phase (milk fat) was 1.47. Absorbance was set at
0.01.

The ice cream was melted at ambient temperature (22+1°C) and stored at 4°C until
analysis. The percentage of fat destabilization was obtained by comparing the peak of destabilized

fat from melted ice cream curve to the peak of initial emulsion from ice cream mix curve (Bolliger

et al., 2000; Warren and Hartel, 2018).

2.3.4.4 Air Cell Size Distribution
Air cell analysis was performed within an insulated glove box (Donhowe et al., 1991) at
-6°C, as described by Chang and Hartel (2002). An optical light microscope (Optiphot, Nikon,

Inc., Garden City, NY, USA) with a 30W LED light system, solid state camera (Cohu Eletronics



43

Div., San Diego, CA, USA) and OPTIMAS software (OPTIMAS v6.1, Optimas Corp., Meyer
Instruments Inc., Houston, Tex. U.S.A.) was used to obtain images at 40x magnification. At least
300 air cells were analyzed using Image Pro Plus software (Image Pro Plus 7.0, Media Cybernetics,
Inc., Rockville, MD, USA) and results were collected in a Microsoft Excel spreadsheet for

statistical analysis.

2.3.4.5 Ice Crystal Size Distribution

Ice crystal analysis was performed at -15°C in an insulated glove box, as described by
Donhowe et al. (1991). OPTIMAS software (OPTIMAS v6.1, Optimas Corp., Meyer Instruments
Inc., Houston, Tex. U.S.A.) was used to obtain images (40x magnification) from a solid state
camera (Cohu Eletronics Div., San Diego, CA, USA), which was attached to an optical light
microscope (Optiphot, Nikon, Inc., Garden City, NY, USA) with a 30W LED light system. At
least 300 ice crystals were traced from the images using Microsoft Softonic Paintbrush for Mac.
Image Pro Plus software (Image Pro Plus 7.0, Media Cybernetics, Inc., Rockville, MD, USA) was
used to analyze the ice crystals. Then, the results were collected in a Microsoft Excel spreadsheet

for statistical analysis.

2.3.5 Ice Cream Rheological Properties

A rotational rheometer with parallel plates of 25mm diameter with crosshatched surface
(DHR-2, TA Instruments, New Castle, DE, USA) was used to obtain the rheological
measurements. Stepped Peltier Plate system attached to a liquid recirculating chiller (ThermoCube,
Solid State Cooling Systems, Wappingers Falls, NY, USA) with a 20% ethanol solution was used

to control the lower plate temperature. Upper Heated Plate system attached to a liquid recirculating
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chiller (Isotemp 4100 R35, Fisher Scientific, Waltham, MA, USA) with a 50% ethylene glycol
solution was used to control the upper plate temperature. Ice cream disks of 25 and 2.5mm of
diameter and height, respectively, were prepared within the insulated glove box at -20°C
(Donhowe et al., 1991). The disks were obtained from ice cream slabs cut from the center of the
containers using a cylindrical tool. The parallel plates were preset at -15 or -5°C, depending on the
analysis. The 25mm ice cream disk was placed in the center of the lower plate and the upper plate
was loaded into the sample without trimming. Protocols for each rheological measurement are
described in the subsequent sections. The samples with extreme levels of stabilizer, air flow and
PS80, S1A1P1 (0% stabilizer, 8L.h** air flow and 0% PS80) and S3A3P3 (0.4% stabilizer,
15L.h? air flow and 0.03% PS80) (Table 2.1), were used to confirm the suitability of the
rheological protocols developed. Those ice creams were expected to cover the range of the

structural variety of the ice creams assessed in this study.

2.3.5.1 Oscillatory Thermo-Rheometry (OTR)

The oscillatory thermo-rheometry (OTR) using controlled axial force was adapted from
Wildmoser et al. (2004) and Granger et al. (2005). The OTR was carried out from -15 to 25°C. All
OTR analyses were carried out within the Linear Viscoelastic Regime (LVR), which was
characterized in preliminary tests and confirmed by samples SIA1P1 and S3A3P3. Strains (within
the LVR) of 0.01 and 0.1% were used from -15 to 0°C and from 0 to 25°C, respectively. The
parallel plates were preset at -15°C and the ice cream disk was loaded with initial gap of 1800um.
A sample cover used to minimize water evaporation (as the ice cream was exposed for long time
in the ambient) was placed on top followed by an insulating thermal cover for the parallel plates.

Continuous oscillation with 10 rad.s™ angular frequency was applied on the sample using
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automatic motor mode and ON (£0.1N) normal force. G', G” and tand were obtained every 4
seconds using ramp rate of 0.5°C.min%. After that, one data point every 0.5°C was obtained by
using the data reduction feature from the TRIOS software (2019 TA Instruments—Waters LLC,

New Castle, USA).

2.3.5.2 Creep-Recovery

Creep and recovery tests were adapted from Steffe (1996) and Dogan et al. (2013). The
plates were set to -5°C, the sample was loaded to 1800um gap, an insulating thermal cover was
placed, the temperature was adjusted to 0°C, and samples were equlibrated for 10min. A constant
stress (oconstant) OF 1.2Pa, which was within the LVR, was applied for 150s. The load was relieved,
and the structural recovery was recorded for another 150s. Data were recorded using fast sampling,
with data points decreasing logarithmically over time. Maximum creep strain (MCS) and recovery
(%R) were obtained, and creep compliance data were fitted by mechanical models using the

TRIOS software (2019 TA Instruments—Waters LLC, New Castle, USA).

2.3.5.3 Stress Growth

Stress growth measurements were adapted from Elliott and Ganz (1977) and Rao (2007).
The plates were preset at -5°C, the sample was loaded to 1800um gap, an insulating thermal cover
was placed on top, the temperature was ajusted to 0°C, and the sample was equilibrated for 10min.
A constant shear rate of 0.01s™ was applied; shear stress was obtained over 1800 seconds or until
reaching the steady state flow, which was verified by using the steady state sensing in the
rheometer software (5% tolerance within 30 seconds in three consecutive sampling) at 0°C. Shear

modulus (G), equilibrium viscosity (n») as well as work of structure breakdown (W) were
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determined using a phenomenological analysis adapted from Elliott and Ganz (1977) and Rao

(2007).

2.3.5.4 Flow Ramp

After setting the rheometer plates to -5°C, the samples were loaded and the flow ramp was
carried out at 0°C. Shear rate was increased from 0.001 to 100 s with 10 points per decade for
10 minutes, followed by a decreasing shear ramp from 100 to 0.001 s for another 10 minutes.
The instantaneous shear stress and viscosity were obtained over time. The area between the shear
stress curves (up and down) was obtained using the thixotropy function in the TRIOS software
(2019 TA Instruments—Waters LLC, New Castle, USA). Melted ice creams did not recover their
initial structure after shearing the matrix at 0°C. Thus, the area between the curves was obtained

as rheological destruction measurement.

2.3.6 Statistical Analysis

All data were analyzed using with JMP statistical software (JMP Pro 14.0, SAS Inst., Cary,
N.C., U.S.A. 2018). The data analysis using multiple linear regression (MLR) provided a general
overview of the effects of structural components on rheological properties, as the 27 samples were
analyzed together. Mix viscosity, overrun and fat destabilization were kept in all MLR models
since those variables were chosen to predict the rheological parameters in the ice cream matrix.
Plots of actual by predicted values, residual by predicted values, studentized residuals and residual
normal quantile were used as diagnostics for linearity, error independence, equal variance and
normal distribution of errors. One-way ANOVA and Tukey’s HSD tests were also performed to

complement the data analysis. This combined analysis allowed assessment of which structural
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components governed a rheological parameter and how the overlapping structural components

influenced the same rheological parameter.

2.4 Results and Discussion

The levels of stabilizer, air flow and PS80 were chosen in order to build a wide variety of
structures, which could cover the range of structures observed in full fat commercial ice cream
products (Warren and Hartel, 2014). Therefore, the effects of the mix viscosity at 50s™*, overrun
and fat destabilization extent on the rheological properties of ice creams with controlled structural

formation were evaluated in this study.

2.4.1 Structural Components (Structural Elements, Compositional and Physical Parameters)

Table 2.1 shows the full factorial design with 3 levels of stabilizer, air flow and polysorbate
80 (PS80), as well as the correspondent mix viscosity, overrun and fat destabilization extent for
each ice cream sample. Other structural components evaluated can also be found in the same table.
Although these other structural components were not in the scope here, they are available in case

the reader searches for further information about the ice cream samples.

2.4.1.1 Mix Rheology

The mix viscosity at 50s™ increased mainly when the stabilizer levels were increased in the
formulations (Table 2.1). The ability of stabilizers to modify rheological properties not only in ice
cream mix, but also in other food products has been well established in the last decades (Cottrell
et al., 1980; Goff and Hartel, 2013; Li and Nie, 2016; Saha and Bhattacharya, 2010). Stabilizers,

such as LBG, guar gum and carrageenan, are polysaccharides with a large number of hydroxyl
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(-OH) groups present in their molecules. This characteristic leads to greater affinity with water,
hence increasing its ability to retain water (Li and Nie, 2016; Saha and Bhattacharya, 2010).
Moreover, according to Li and Nie (2016), the increase of viscosity is promoted by the thickening
process of the liquid phase, which is related to nonspecific entanglement of
conformationally-disordered polymer chains and the polymer-solvent interaction (Saha and
Bhattacharya, 2010). Thus, the mix viscosity increased not only due to the greater molecular
interaction between water and stabilizer when the stabilizer levels increased (enhanced ability to
hold water), but also due to the greater entanglement among the stabilizer molecules (which
contributes to the flow resistance of the mix).

Although the Herschel-Bulkley parameters will be discussed here, only the mix viscosity
at 50s™ (serum phase viscosity) will be used to build the MLR models in the subsequent Sections.
Moreover, as a typical commercial stabilizer blend of LBG, guar gum and carrageenan is used in
this study, similar to other studies from our research group (Amador et al., 2017; Warren and
Hartel, 2018), the Herschel-Bulkley parameters and curves (shear stress and apparent viscosity)
will not be shown here.

In general, ice cream mix presents a non-Newtonian flow pseudoplastic behavior (Clarke,
2004; Goff and Hartel, 2013), which was observed for all formulations in this study. The shear
thinning behavior was more pronounced when the levels of stabilizer were increased in the
formulations. In the Herschel-Bulkley parameters (Equation 2.1), oo and k increased, while the n
decreased when the stabilizer levels were increased in the mixes, as seen in previous works
(Hagiwara and Hartel, 1996; Muse and Hartel, 2004; Soukoulis et al., 2008; Stanley et al., 1996).

Although some differences were observed for certain conditions with and without PS80 added,
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these differences were random and not considered further. No differences were found in those
formulations for k and n values.

As stabilizer increased, thixotropy increased in the three chosen mix formulations with
0.03% PS80. The mixes with 0, 0.2 or 0.4% stabilizer had thixotropy values of 6.0(+0.4),
20.7(20.3) and 55.2(+3.0) Pa.s, respectively. LBG at 0.03% concentration with xanthan gum was
found to affect thixotropic behavior in food emulsions containing modified starch (Dolz et al.,
2007). Guar gum at 0.35% concentration was found to affect the extent of thixotropy in full and
low fat ice cream mixes (Javidi et al., 2016). Moreover, iota carrageenan in the presence of Ca?*
salt has been reported to form a thixotropic dispersion (Thomas, 1997). Although type and
concentration of carrageenan as well as the other gum concentrations in the stabilizer blend were
unknown, the different levels of this commercial blend were enough not only to change mix
viscosity, but also the thixotropic behavior of the ice cream mixes.

As stabilizer increased, storage modulus (G') increased and loss tangent (tand) decreased
in the three mix formulations with 0.03% PS80. The mixes with 0, 0.2 or 0.4% stabilizer showed
0(x0), 1(x0) and 5(x0) Pa, respectively, for G’, and 2.38(+0.35), 1.06(x£0.35) and 0.62(+21),
respectively, for tand at 1rad.s™. Low angular frequency was used to compare samples due to
inertia limitation at higher angular frequency for samples with no stabilizer added. As stabilizer
levels increased, polysaccharide interactions increased and, therefore, mixes with 0.4% stabilizer
added showed G’>G” (formation of weak gel). Mixes with 0 and 0.2% stabilizer added showed

G’<G” at low frequency and 0°C.
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2.4.1.2 Overrun

As can be observed in Table 2.1, the different levels of air flow in the continuous freezer
allowed good control of the target overruns (50, 75 and 100%) in the samples. Manual mode was
used to avoid interference from the automated control during freezing. Even though differences
were small, individual overrun measurements will be subsequently used as an independent variable

to build the MLR models in the subsequent Sections.

2.4.1.3 Percent of Partially-Coalesced Fat Globules (Fat Destabilization)

In general, higher levels of stabilizer, air flow and PS80 all presented higher values for fat
destabilization. Fat destabilization increased with increasing levels of PS80 (Table 2.1). The
emulsifiers partially replace proteins in the fat globule membrane, which, combined with shear
forces during dynamic freezing, can lead to partial coalescence as liquid fat is shared among the
fat globules (Goff et al., 1987; Goff and Hartel, 2013; Muse and Hartel, 2004; Pawar et al., 2012).
However, this trend was not observed in formulations with 0.4% stabilizer and 11L.h* air flow
(refer to samples S3A2P1-S3A2P3 in Table 2.1). Moreover, no difference in partial coalescence
between 0 and 0.015% PS80 was found in the formulations with 0 or 0.2% stabilizer (Figure 2.1A).
Thus, 0.015% PS80 was not sufficient to destabilize the membrane of fat globules in this study
(Table 2.1).

Fat destabilization extent increased as the mix viscosity at 50s™ (serum phase viscosity)
increased, as illustrated by particle size distributions in Figure 2.1B. In general, only a moderate
correlation was found between fat destabilization and mix viscosity (r=0.48, p=0.0113). An
increased mix viscosity associated with higher fat destabilization was also reported by other

authors (Amador et al., 2017; Goff and Spagnuolo, 2001; Muse and Hartel, 2004). Higher viscosity



i ——S1A2P1
4 = =<S1A2P2
S 39 «eeeeS1A2P3
£ 25
5 2
S 15
>

05

O -
0.01 0.1 1 10 100
Particle Size (um)
(A)
. ——S1A2P2
' = = +S2A2P2

w

eeeseS3A2P2

Volume (%)
N
O Uk, OINOTWOlT N~ Oo1O1

1.
0.
0.01 0.1 1 10 100
Particle Size (um)
(B)
4. — S2A1P2
- e «S2A2P2

w

eeeesS2A3P2

Volume (%)
N
OOk, OINOTWOoOl D~ o1 Ol

1.
0.
0.01 0.1 1 10 100
Particle Size (um)
©)

Figure 2.1: Particle size distributions for samples: (A) with different levels of PS80 (P1, P2 and
P3 refer to 0, 0.015 and 0.03%, respectively), and constant levels of stabilizer (0%) and air flow
(11L.hY); (B) with different levels of stabilizer (S1, S2 and S3 refer to 0, 0.2 and 0.4%,
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of air flow (A1, A2 and A3 refer to 8, 11 and 15L.h%, respectively), and constant levels of stabilizer
(0.2%) and PS80 (0.015%).
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of the slurry increases the shear forces in the barrel, which increases the collisions among the fat
globules during dynamic freezing. Fat destabilization measurements will also be used as an
independent variable to build MLR models in this study.

Fat destabilization extent increased as overrun increased, as illustrated by the particle size
distributions in Figure 2.1C. Although a general correlation was found between fat destabilization
and overrun (r=0.44, p=0.0207), the correlation was more prominent in the formulations with
higher mix viscosity at 50s™ (0.4% stabilizer) (r=0.86, p=0.0027). Warren and Hartel (2018), who
also observed correlation between fat destabilization and overrun, reported that higher overrun led

to higher probability of collisions among fat globules due to the thinner lamellae in those samples.

2.4.1.4 Air Cell Size

Air cell size increased as overrun decreased, especially in formulations with 0
(r=-0.80, p=0.0089) and 0.4% (r=-0.78, p=0.0134) stabilizer. This correlation is probably due to
the increased shear stress as the incorporated air volume increases, which leads to the breakdown
of air cells (Sofjan and Hartel, 2004; Warren and Hartel, 2018). Moreover, air cell size decreased
as fat destabilization increased in the formulations with 0 (r=-0.80, p=0.0091), 0.2 (r=-0.76,
p=0.0169) and 0.4% (r=-0.87, p=0.0022) stabilizer. This result corroborated previous work
(Warren and Hartel, 2018). The shear forces that also promote fat destabilization lead to the
breakdown of air cells. According to the work of Amador et al. (2017), the addition of stabilizers
promoted smaller air cells at a draw temperature of -3°C. However, no trend was found either by
the authors at draw temperature of -6°C nor in this study. Although there were slight differences
among the air cell sizes, further studies are needed to elucidate the interactions between air cells

and processing as well as between air cells and stabilizer levels. Finally, air cell size will not be
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used to build MLR models due to the complexity to control this variable during the freezing as

well as the collinearity in the MLR models, mainly between air cell size and overrun.

2.4.1.5 Ice Crystal Size

Only slight differences were found for the mean ice crystal size (Table 2.1), although no
specific trends were found. Moreover, the control of ice crystal size was not in the scope of this
study and has limited importance to melted ice cream. Therefore, ice crystal size will not be used

to build MLR models in the next sections.

2.4.2 Rheological Properties of the Ice Cream Matrix

Structural components and their intrinsic arrangement determine rheological behavior in
ice cream matrix, which directly influence melting and sensory properties. Different forces applied
to the matrix can provide not only rheological parameters that confirm the mechanical role of these
structural elements, but also parameters that help to understand the arrangement of these

components in the ice cream matrix.

2.4.2.1 Oscillatory Thermo-Rheometry (OTR)

Since all dynamic rheological measurements are performed within LVR, storage (G') and
loss (G™) moduli provide information on solid-like and liquid-like behavior of the ice cream matrix
with intact structure. In Figure 2.2A, the samples S1IA1P1 and S3A3P3 (refer to codes in the Table
2.1), which represent the extreme levels of stabilizer, air flow and polysorbate 80 (PS80), illustrate
the wide range of the G' and loss G™ moduli presented by the ice cream samples. As proposed by
Wildmoser et al. (2004), G> and G” curves were divided into three zones. The tand (G”/G’)

behavior, which is an important indicator of the phase melting (Granger et al., 2005) and structural
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changes in the ice cream during the OTR, are also shown in Figure 2.2B for the same samples.
The MLR models for the parameters obtained from OTR are shown in Table 2.2. The structural
components similarly affected G' and G"; therefore, only MLR models for G' and tand are
discussed in the text.

Zone | (from -15 to -10°C): All the samples showed G’ slightly greater than G” at -15°C.
Mix viscosity at 50s inversely affected G’ (G’-15:c) and tand (tand.1s-c) at -15°C, as observed in
Table 2.2. The inverse correlation between mix viscosity (at 50s™?) and tand.1s-c aligned with Goff
etal. (1995). As previously discussed, higher stabilizer levels led to lower tand values in ice cream
mixes. Greater concentration of stabilizer molecules in serum phase also likely contributed to
greater elasticity in the ice creams at -15°C. Tukey’s HSD test was also used to complement the
analysis for G’.1sc (Table 2.3).

As stabilizer level increased, G’.isoc decreased (Table 2.3), which corroborated the
observations from the MLR model (Table 2.2). Goff et al. (1995) found that unstabilized ice cream
showed G’ and G” values significatively higher than stabilized ice cream at temperatures below-
-6°C. The authors related these correlations to the critical concentration (C*), also known as
overlap concentration (Saha and Bhattacharya, 2010), reached by the guar gum used in their
stabilizer system. Lower G’ and G” in ice creams with higher stabilizer levels may be related to
connectivity loss of ice crystals through the serum phase due to the higher entanglement of
polysaccharides (as serum phase was freeze-concentrated). However, the mechanisms of how
stabilizer molecules change G’ and G” are still unclear and need further study.

As air flow (which efficiently controlled the overrun) increased, G’.1sec increased in
samples with 0.4% stabilizer added (Table 2.3). As a weak gel formation was observed for mixes

with 0.4% stabilizer added, the stabilizer entanglement probably affected the serum phase in those
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ice creams. The thinner lamellae (smaller space) and smaller air cell size (as previously discussed)
in ice creams with higher overrun probably increased the interactions of polysaccharide
entanglements. Moreover, as the air surface area was increased with the higher overrun,
interactions also increased at the serum phase/air cell interface.

Although samples with different levels of PS80 were different in formulations with no
stabilizer and 11L.h™! air flow added (Table 2.3), no trend was found in G’.15-c (p=0.3296). Direct
correlation was found between fat destabilization and G’.isec in samples with 0.2 (r=0.81,
p=0.0080) and 0.4% (r=0.86, p=0.0030) stabilizer added. This was probably due to direct
correlations of fat destabilization with mix viscosity and overrun, as previously discussed.

Zone Il (from -10 to -2.7°C): As temperature increases from -10 to -2.7°C, melting of ice
crystals and dilution of unfrozen serum phase are the main factors driving the structural changes
in the ice cream matrix (Caldwell et al., 1992; Goff et al., 1995). As ice melts, G’ and G” showed
a sharp decrease (Figure 2.2A), which corroborated with previous findings (Eisner et al., 2005;
Wildmoser et al., 2004). G* was approximately the same as G during melting, which also agreed
with other works (Goff and Hartel, 2013; Granger et al., 2005; Wildmoser et al., 2004). As a result,
a peak was observed in tand for all samples. In this peak, G” was lower than G” in most samples,
mainly in samples with low levels of stabilizer, and some samples with low PS80 and air flow
levels. This suggests that the ice cream matrix increased in liquid-like behavior during melting of
ice crystals (Goff and Hartel, 2013; Granger et al., 2005). In this temperature range, G’ and G”
were also found to be affected by formulation, such as stabilizer, and process, such as low-
temperature extrusion (Goff et al., 1995; Goff and Hartel, 2013; Wildmoser et al., 2004). The
viscous behavior in the peak of tand seemed related to the structure formation in the matrix. This

will be discussed later in the text.



57

Zone 11 (from -2.7 to 25°C): Ice crystals were completely melted above -2.7°C. At 0°C,
all samples showed G’>G”. Extent of fat destabilization showed very strong direct effects on G’
at 0°C (G’oec) in the MLR model (Table 2.2). The continuous 3-Dimensional fat network across
the serum phase contributed to the elasticity of the melted matrix at 0°C, which corroborated with
other works (Eisner et al., 2005; Granger et al., 2005; Wildmoser et al., 2004). Tukey’s HSD test
was also used to complement the analysis for G’o-c, as shown in Table 2.3.

In general, as stabilizer increased, G’o°c also increased. It is known that water retention and
stabilizer entanglements provide elasticity in the system (Goff et al., 1995; Li and Nie, 2016; Saha
and Bhattacharya, 2010). Moreover, as previously discussed, gel formation was observed in the
mixes with 0.4% stabilizer added, so greater G’ is also expected for the respective ice creams with
0.4% stabilizer added. As air flow (which controlled overrun) increased, G’o°c increased. This is
probably due to greater interactions of components of the serum phase as well as fat globules in
the thinner lamellae in ice creams with high overrun. Moreover, this trend (direct correlation
between air flow and G’o°c) was slightly stronger in samples with 0.4% stabilizer added (Table
2.3), which was probably due to the gel formed in the serum phase through the lamellae, as
observed in mixes with 0.4% stabilizer added. As PS80 increased, G’o°c increased. The PS80
destabilizes the membrane of fat globules in the mixes, leading to greater partial coalescence of
fat globules during the dynamic freezing, and greater elasticity to the matrix at 0°C (P1-P3; see
code in the Table 2.3). Thus, although G’ was also affected by the mix viscosity (controlled by
stabilizer levels) and overrun (controlled by the air flow), G' was most influenced by the extent of
fat destabilization at 0°C.

The tando-c ranged from 0.18 to 0.21, which was quite low compared to the tand.1s-c range

(from 0.76 to 0.85). This suggests that the ice cream matrix at -15°C showed highly concentrated
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solution behavior, and when the ice phase was completely melted, the matrix turned to a gel at
0°C. No effect of structural components was found on tando-c, Which suggests a relative stability

of the structure at this temperature.

2.4.2.2 Creep and Recovery Measurements

Viscoelastic properties of food products are commonly studied by oscillatory tests.
Nevertheless, another type of test is needed to better understand possible internal structures and
their changes due to the composition (Dogan et al., 2013; Dolz et al., 2008; Toker et al., 2013).
Thus, creep and recovery are among the most common tests for these investigations (Dogan et al.,
2013).

In the creep test, a constant stress (oconstant) OF 1.2Pa, which was within the LVR based on
oscillatory stress amplitude sweeps, was applied to the melted ice cream at 0°C, and the strain (y)
was recorded over time (t) for 150 seconds. In the recovery test, the load from the creep test was
released, and the structural recovery was also measured for another 150 seconds. In the data
analysis, the maximum creep strain (MCS) was obtained from the creep part and the percentage
recovery (%R) after 150 seconds from the recovery part. All samples showed %R below 100%. In
other words, although the constant stress applied to sample was within the LVR, the structure
deformed did not recover its initial structure after releasing the load, hence, melted ice cream
yielded over time. The sample S2A2P2 (refer to code in the Table 2.1), which represents the middle
levels for stabilizer, air flow and PS80, is used as example for MCS and %R measurements in
Figure 2.3A.

The shear creep compliance (J), which is y divided by Gconstant (1.2Pa), was determined over

time (Steffe, 1996). From that, the generalized Kelvin-Voigt model (also known as discrete
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retardation spectrum) was used to fit the creep data (Ahmed, 2015; Gunasekaran and Ak, 2003;

Kaschta and Schwarzl, 1994; Purkayastha et al., 1984).

J@®) =Jo + XL Ji[1 — e ) + t/ng (2.2)

Here, J(t) is compliance over time (t), t are the retardation times, Ji are the retarded
compliances (represent the viscoelastic behavior), Jo is the instantaneous compliance (represents
the elastic behavior) and np is the residual viscosity (represents the viscous behavior). Usually, the
Kelvin-Voigt model is used to describe the creep behavior of biological and polymeric systems,
which often present more than one retardation time (Gunasekaran and Ak, 2003; Purkayastha et
al., 1984). The selected six-element model (Figure 2.3B), which was the simplest possible model
(Purkayastha et al., 1984), provided a good fit (R%>0.99) and described well the creep data, as can
be observed in Figure 2.3C using the sample S2A2P2 as example. Go (spring) and no (dashpot) of
the Maxwell unit are the elastic modulus and residual viscosity, respectively. In the first and second
Kelvin-Voigt units, G1 and G2 (springs) are the retarded elastic moduli, 1 and n2 (dashpots) are
internal viscosities (Dogan et al., 2013). Shama and Sherman (1966) as well as Sherman (1966)
also used a six-element model to describe the creep behavior for ice cream and ice cream mix,
respectively. Shama and Sherman (1966), studying frozen ice cream, suggested that Go was mainly
affected by ice crystals, G affected by weak stabilizer gel, n:1 affected by fat crystals, G, affected
by protein enveloped air cells, 12 affected by weak stabilizer gel as well as protein enveloped air
cells and, no affected by ice and fat crystals. Sherman (1966) also studied melted ice cream and

used a four-element model, also known as Burgers model, to evaluate the structure at 20°C.
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Moreover, the author suggested that second Kelvin-Voigt unit (G2 and 1) in six-element model
(Figure 2.3B) for mix was related to globules of 0.5um or smaller.

In general, the extent of fat destabilization was the only structural component that had an
effect on elastic (Go) and viscoelastic (G1, G2, n1 and n2) behaviors in MLR models; that is, fat
destabilization had most influence on these rheological parameters (data not shown here). As the
greatest coefficient of determination (R?=0.74) was from no o-c, the MLR model for no oec is
presented as an example not only for the parameters obtained in the transient measurements, but
also for viscous behavior of melted ice cream at 0°C in Table 2.2. Moreover, no will be also used
to confirm yield stress measurements in the subsequent Section.

The mix viscosity at 50s? (serum phase viscosity) and the extent of fat destabilization
showed strong direct effects on noo°c (Table 2.2), which corroborated with the Tukey HSD test in
Table 2.3. As the stabilizer and PS80 contents increased, no o°c increased, which were due to
increased viscosity in the mix (an increased viscosity of serum phase was also expected in the
melted ice cream) and to the elasticity provided by the 3D network of fat globules through the
lamellae (no structure disruption was expected as measurements were performed within the LVR
and at low shear rate), respectively. As air flow (overrun) increased, no oec also increased (Table
2.3). This was probably due not only to the higher interactions at the serum phase/air cell interface
(as the surface area was increased in higher overrun samples), but also to the more structured
matrix by itself in the higher overrun samples (as correlation was found between overrun and air
cell size). It is worth noting that other structural components, such as fat globules (extent of fat
destabilization) and volume of air cells (overrun) could also affect the viscous behavior of melted

ice cream at low shear rate. Thus, the greatest influence on nooec was from the mix viscosity (which
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coefficient was the most significant in MLR model), followed by the extent of fat destabilization

and overrun.

2.4.2.3 Stress Growth (Constant Low Shear Rate)

Stress growth or stress overshoot is a singular test. Some authors categorize the test based
on transient viscoelastic flow of the sample (Rao, 2007; Steffe, 1996), while others categorize the
test due to the large final deformation property of the sample at the end of the test (Lucey et al.,
1997; Luyten et al., 1994). Parameters obtained with this measurement could not only confirm the
results of other tests as well as obtain the steady state viscosity at a low shear rate (0.01s), but
also present information about the yield stress (oy). Briggs et al. (1996) related oy to the ability of
ice cream to dip or scoop.

A phenomenological analysis was adapted from Elliott and Ganz (1977) and Rao (2007).
The schematic diagram using sample S2A2P2 (see code in Table 2.1) was adapted and used as
example in Figure 2.4A: t is time, oa is the stress at the end of the elastic portion, oy iS
correspondent to the yield stress (stress peak) and o« is the equilibrium shear stress. The
correspondent deformations (y, strain), such as y, yy (Which is the strain correspondent to the
oy) and Y., fOr those stress and time values were also found. Furthermore, the product of the shear
rate and time is the total deformation at different shear time. Thus, from the previous definitions,
equations for shear modulus (G), equilibrium viscosity (n.) and work of structure breakdown (W)

can be determined (Rao, 2007):
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G = dc/dy = GA/YtA (2.3)
N = 0w /Y (2.4)
W=y [ (c—o0s)dt (2.5)

Here, v is the constant shear rate, A is the time that stress curve overshot .. and B is the time that
0. Was reached. Thus, W, which is area above the extrapolated o line, was assessed as excess
work of structure breakdown.

When a small y'is applied to the sample (Figure 2.4A), if o curve is plotted against y, Go°c
can be obtained by calculating the initial slope on the curve of 6a against y. The matrix is assumed
to be intact at the beginning of the curve and Goec is related to the elastic property of the sample.
As vy is kept constant, the structure enters into a transition range from intact structure to flow start.
Over time, the structure eventually breaks and begins to flow (ty). After the initial structure is
broken, as constant y is applied to sample, the structure continues to flow until reaching
equilibrium (t.) at that specific y. After this point, c becomes independent over time. Samples
S1A1P1 and S3A3P3 (refer to codes in the Table 2.1), which represent the extreme levels of the
formulations, illustrate the effects of structural components on stress growth parameters at 0°C in
Figure 2.4B.

Overall, G (shear modulus) showed a similar trend to G' (storage modulus from OTR) and
Go (elastic modulus of the six-element model from creep test) at 0°C (data not shown here). In
addition, equilibrium viscosity (n«) also showed similar trend to no (residual viscosity of the six-

element model from creep test) at 0°C (data not shown here). The MLR model for oy, which
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predicted 82% of the variability explained by the structural components, is presented in Table 2.2
as an example for the parameters obtained from the stress growth measurements. Extent of fat
destabilization and mix viscosity at 50s® showed strong effects on oy. The effect of fat
destabilization was probably due to the 3-D network of partially-coalesced fat globules through
the lamellae, which provide structural resistance to initiate flow of the matrix. The effect of mix
viscosity was probably due to increased LBG and carrageenan concentrations. In general, LBG
and carrageenan present yield stress in emulsions (Turquois et al., 1992). A more detailed analysis
was performed using Tukey's HSD test (Table 2.3).

As stabilizer and PS80 contents increased, which aimed to directly change the mix
viscosity at 50s™ and fat destabilization, respectively, oy also increased. In addition, as air flow
(overrun) increased, oy also increased. This was probably due to the higher interactions at the
serum phase/air cell interface as well as the more structured matrix in the samples with higher
overrun (as ice creams with higher overrun showed smaller air cell size). Thus, mix viscosity at
50s?! (which was the most significant coefficient from MLR model in Table 2.2) had the most
effect on oy behavior, followed by the extent of fat destabilization and overrun.

Last, creep and recovery test were used to confirm the oy measurements of melted ice
creams. At the end of the creep test the melted matrix yielded since %R values were below 100%
for all samples, as previously discussed. The constant load (1.2Pa) applied to sample in creep test
lower than oy o°c for all samples, which ranged from 2.2 to 53.8Pa, confirmed time-dependent
nature of melted ice cream matrix. Among all six-elements parameters (creep data), noo-c presented
the highest correlation with oy o.c (R?=0.94, p<0.0001). Although the constant stress used in creep
test was within the LVR, the Newtonian component in the six-element model, noo°c, was measured

when deformation reached equilibrium. In other words, the sample probably yielded in the viscous
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behavior range shown in Figure 2.3C. Although creep and stress growth tests have different inputs,
constant stress and shear rate, respectively, mo o°.c was probably obtained close to the oy o°c
measurements. Therefore, this linear correlation could indirectly validate oy occ measurements for

melted ice cream samples.

2.4.2.4 Flow Ramp (Shear Rate Ramp) and Thixotropy

A typical thixotropic structure is broken down under shearing, and slowly, its initial
structure is recovered at rest (Barnes, 1997). In preliminary tests, using a random ice cream sample
with 40% overrun, the melted ice cream sample were subjected to upward and downward shear
rate sweeps, as illustrated in a log-log plot in Figure 2.5. Time-dependency is clearly observed at
low shear rates (below 1s™) in upward curve (Figure 2.5). As hydrodynamic forces during upward
shear reach a sufficient level, structural components, such as air cells, individual and clustered fat
globules, flow freely through the disrupted matrix. In the downward curve (Figure 2.5), the
disrupted matrix approaches a shear-thinning behavior and does not recover its initial structure. In
other words, rheological destruction occurred after large deformation was applied to melted ice
cream. Here, the flow ramp test was chosen to assess the time dependence of breakdown of the
remnant foam using large deformations. In addition, a thixotropic loop was used to characterize
the rheological destruction of the melted ice cream matrix at 0°C.

The larger the area between the up and down curves, the greater the rheological destruction,
suggesting a greater initial structural formation in the melted matrix. The shear stress and
instantaneous viscosity curves (up and down) for the sample S2A2P2 are shown as example in
Figure 2.6A and 2.6B, respectively. The up shear stress and up viscosity curves were again plotted

in Figure 2.6C to illustrate additional parameters that were obtained from the up shear rate ramps,
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such as maximum instantaneous viscosity (nm), correspondent stress to the nv (omv), and height

of the stress peak (opeak). The opeak Shown in Figure 2.6C was determined as:

Opeak = OM_0.001-0.1 — Om_0.1->10 (2.6)

Here, oM 0.001-0.1 iS the maximum shear stress from 0.001 to 0.1s™ and om 0.1-10 is the
minimum shear stress from 0.1 to 10s2. This peak observed in the stress curve at lower shear rates
(<1s!) must be related to the structure formation after freezing, mainly due to the fat
destabilization and overrun, since no such peak was observed for mix.

As rheological destruction measurement (Thix o.c) showed the greatest variability (89%)
explained by the structural components, the MLR model for Thix o.c was shown as example for
the parameters obtained in the flow ramp measurements (Table 2.2). Thix ¢.c ranged from 300 to
1420Pa.s™t. After the dynamic freezing, the main structural formation is from the ice, air, fat and
serum phases. As ice crystals were completely melted and viscosity of the mix and melted ice
cream at 0°C were the same, Thix o.c was affected by the degree of disruption of air cells and
network of fat globules through the lamellae. Mix viscosity at 50s and extent of fat destabilization
showed very strong direct effects on the Thix ¢.c (Table 2.2). The Tukey’s HSD test was used t0
complement this analysis (Table 2.3).

As stabilizer increased, Thix ooc increased. This was probably due to the presence of LBG
(Dolz et al., 2007), guar gum (Javidi et al., 2016) and iota carrageenan (Thomas, 1997) in the
stabilizer system used in this study, as previously discussed. As increasing stabilizer affected
thixotropic behavior in mixes, an increase in stabilizer was also expected to affect Thix ¢ec In

melted ice creams containing stabilizer. Moreover, an increase in Thix oec (Table 2.3) was observed
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mainly in samples with 0.4% stabilizer added. This was probably due to the weak gel formation in
the serum phase of those samples. As previously discussed, mixes with 0.4% stabilizer added
presented weak gel formation (G>G”). As PS80 increased, Thix o°c increased slightly. Since PS80
is related to fat destabilization, the disruption of the 3-D network of partially-coalesced fat globules
through the lamellae was directly responsible for this Thix ¢-c. Furthermore, lower influence of
PS80 was observed in samples with 0.4% stabilizer added. Weak gel formation in those samples
probably exceeded the mechanical role of the fat network in the melted matrix at large
deformations. As air flow (overrun) increased, Thix o.c showed slight increases, mainly in samples
with 0.4% stabilizer added. Thinner lamellae in ice creams with higher overrun and greater number
of smaller air cells (as previously discussed, inverse correlation was found between overrun and
air cell size) provided greater structure formation (greater strength) due to more interactions of
molecules as well as particles in the serum phase, and larger surface area at air/serum phase
interface. However, in samples with 0.4% stabilizer added, weak gel formed in serum phase
probably also exceeded the mechanical role of air phase in matrix at large deformations. Therefore,
mix viscosity at 50s* (which coefficient was the most significant from MLR model in Table 2.2)
showed most influence on thixotropic behavior, followed by the overrun and extent of fat
destabilization.

As rheological destruction measurement (Thix oec) provided good information about the
structure formation in the matrix at 0°C, the correlation between Thix o°.c and the tandpeax Was
evaluated to help explain the tand behavior during OTR. The correlation between Thix ¢.c and

tandpeak is presented in the Figure 2.7, which is also represented by the equation (R?=0.92) below:

tandpeqr = 1.00 + 4.00 - exp(—0.0077 - Thix yo¢) (2.7)
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Figure 2.7: Correlation between rheological destruction measurement (Thix ¢-c) and the observed
peak at tand curve (tandpreak) during oscillatory thermo-rheometry (OTR). Line is fitted exponential
model from Equation 2.7.
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As seen, there is an excellent correlation between the tandpeak from OTR and Thix o°c, where
samples that showed the least thixotropy were those that had the highest tandpeax, most fluid-like.
As measurements from OTR were performed within the LVR, structure is assumed to be
undisrupted. As ice is completely melted, even though the fat network is slightly changed due to
temperature, a similar structure to that when tandpeak Was measured is also assumed to be
undisrupted without ice phase at 0°C. Moreover, samples prior to Thix o.c measurement also
presented a similar initial structure to that when tandpeax Was measured (without ice phase).
Therefore, this suggests that structure that affected tandreak magnitude during ice melting and
dilution of serum phase in OTR is similar to the initial structure that was disrupted during the

thixotropic loop.

2.5 Conclusions

In conclusion, the wide variety of structural components provided good correlations with
rheological parameters. Importantly, all structural components (mix viscosity at 50s?, fat
destabilization and overrun), to a greater or lesser extent, showed influence on most rheological
properties, which was a useful tool to characterize the structural arrangement in the ice cream
samples. Structural components other than ice crystals were also important in dynamic oscillatory
measurements of ice cream at low temperature (-15°C). Mix viscosity at 50s* had most effects on
elastic behavior (G’) in the presence of ice phase; in ice phase absence, fat destabilization showed
the most influence on elastic behavior during OTR. In transient behavior, mix viscosity influence
was slightly more significant than fat destabilization on viscous behavior (1o) at low shear rate as
well as on stress required to initiate the flow (ov) of the melted matrix. The values of no not only

provided important insights about structural components, but also indirectly validated yield stress
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measurements by its linear correlation. Although mix viscosity at 50s* and fat destabilization both
showed strong effects on rheological destruction (thixotropy), mix viscosity at 50s™ had the most
influence. This more accurate instrumental characterization will help further understand important
empirical measurements for ice cream quality, such as sensory, texture and meltdown properties.
The six-element model (generalized Kelvin-Voigt model) represented well creep behavior
of melted ice cream. The thixotropic loop showed to be useful for assessing structure of ice cream
and other frozen desserts since structural responses from low to high shear rates are covered in this
test. Finally, as tandpeak Showed a good correlation with Thix, it is possible that this phenomenon
is related not only to ice melting and serum phase dilution from -10 to -2.7°C, but also to structural

components and their arrangement formed during freezing of the ice cream.
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Table 2.1 Means and standard errors for mix viscosity at 50 s, overrun, extent of fat destabilization (FD), air cell and ice crystal size
from ice creams with manipulated structures. One-way ANOVA and Tukey’s HSD (a = 0.05) tests were performed to determine
significant difference within the data.

- Air Viscosity Overrun FD Air Cell Size Ice Crystal Size
1
Stabilizer Elow Polysorbate 80 Code (mPa.s) (%) (%) (um) (um)
0% S1IA1P1 22.0+0.3%A  50.1+0.8%*A  10.1+2.0%aA  22.4+11XYbA 28 5+] 7XaA
8L.h' 0.015% S1IALP2  24.4+0.5%A  49.0£0.5%3A  11.2+1.8%aA  24.3+1.4YPA  33.9+0.2YA
0.03% S1IA1P3 21.7+0.8%*  50.7#0.3%*A  48.1+10.9Y*A 18.1+1.0%PA  32.3+0.5%XY2A
0% S1A2P1 22.0+0.3*A  75.9+0.6%PA  17.6+0.6%PA  18.3+1.5%®A  31.6+0.5%A
0% 11L.h? 0.015% S1A2P2  24.4+0.5%A  74.6+0.7%PA  21.8+15%PA  20.1+1.1%®A  358+0,1YPE
0.03% S1A2P3  21.7+0.8%A  75.0+0.4%PAB  657+57YaA  16.1+0.5%®A  354+0.6PA
0% S1IA3P1 22.0+0.3*A  99.0+0.5%¢A  27.7+0.9%¢A  16.0+1.0%*A  31.0+0.3XY2A
15L.h" 0.015% S1IA3P2 24.4+0.5%A  100.4+0.9%¢A  28.2+2.2%bA  16.2+1.1%2A  33.410.6Y2A
0.03% S1A3P3  21.7+0.8%A  090.4+0.8%¢A  73.9+4.5Y3A  11.8+1.7%A  20.8+1.0%2A
0% S2A1P1 88.6+3.4%B  49.8+0.4%*A  14.6+1.7%*A  30.1+0.2Y°C  31.9+0.5%2A
8L.h' 0.015% S2A1P2  95.7+0.9%B  50.0+0.7%*A  14.3+35%aA  24.8+0.3%PA  37.7+0.8YPE
0.03% S2A1P3  89.4+3.3%B  50.2+0.4**A  46.6+6.1YV*A  24.4+40.3%°B  33.1+0.5%aA
0% S2A2P1 88.6+3.4%B  754+05%PA  24.8+1.1%PB  246+0.3Y28  32.6+1.1%3A
0.2% 11L.h* 0.015% S2A2P2  95.7+0.9%B  74.8+0.5%XPA 22 7+4.7%3A  20.5+0.7%2A  38.2+0.2Y:PC
0.03% S2A2P3  89.4+3.3%B  75.8+0.3%PB  57.2435YA  18.8+0.7%PB  33.2+1.0%*A
0% S2A3P1  88.6+3.4%B  100.2+0.5%¢A  357+3.0%%B  26.9+0.4%PC  32.1+0.5%2A
15L.h" 0.015% S2A3P2 95.7+0.9%B  098.8+0.5%¢A  42,9+3.5%PB  183+1.0Y4A  33.0+0.7%2A
0.03% S2A3P3  89.4+3.3%B  099.4+0.6%¢A  69.5£3.0VPA  13.9+0.7%*A  33.4+0.3%aA8
0% S3AL1P1 264.2453%C  50.3+0.4%3A  38.3+3.2%aB  26.8+0.5%¢E  32.9+0.2XbA
8L.h' 0.015% S3A1P2 290.4+2.1YC  50.3+0.3%*A  516+2.2Y4B  253+0,7%PA  31.9+0.3%0A
0.03% S3A1P3 288.2+1.4YC 51.2+0.8%*A  46.1+2.4XVaA  253+0.7%4B  37.1+0.9Y?B
0% S3A2P1 264.245.3%C  75.4+05%PA  533+1.7%PC  23.2+0.4%XPB  30.7+0.4%2A
0.4% 11L.h* 0.015% S3A2P2 290.4+2.1YC  75.0+0.5%PA  58,8+1.6%2B  22.8+0.4%2A 29 5+0.4%2A
0.03% S3A2P3 288.2+1.4YC  74.3+0.4%PA  56.1+1.7%PA  23.0£0.5%*¢  35.3+0.7Y*A
0% S3A3P1 264.2453%C 100.4+1.3%¢A  65.9+1.7XYcC  21.1+0.4%2B  32,0+0.3%0A
15L.h* 0.015% S3A3P2 290.4+2.1YC  99.240.1%¢A  57,943.7%aC  24.4+0.3Y®B  37.0+0.2Y°E
0.03% S3A3P3 288.2+1.4YC  99.3+0.6%¢*  71.6+1.6¥V°A 22.4+1.0%V*B  36.6+1.3"2B

Legend: Stabilizer is a commercial blend that includes locust bean gum, guar gum and carrageenan. * ¥+ # denote significant differences
among ice cream with different levels of polysorbate 80. * ¢ denote significant differences among ice cream with different levels of air
flow. A B € denote significant differences among ice cream with different levels of stabilizer.
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Table 2.2 Parameter estimates, coefficients of determination (R? and R?aqj) and F ratios of multiple linear regression (MLR) models
(n=27) for rheological parameters from the oscillatory thermo-rheometry (OTR), creep/recovery, stress growth and flow ramp

measurements.

Rheological Y Coefficients R? R2Adj F Ratio

Test Intercept Visc FD OR
G .15°c 3580000  -10260000""" 0 10000 0.63 0.58 13.1203
OTR tand.1sc 0.84™ -0.14™ 0 0 0.53 0.46 8.5146
G’oc -640 410 30" 0 0.60 0.55 11.6154
Creep Noo°c -43700 154000 900™ 400 0.74 0.70 21.2755
Stress Growth oY o0°C -15.5" 0.1™" 0.4™ 0.1 0.82 0.80 35.5645
Flow Ramp Thix o 0 2480 10" 0 0.89 0.87 59.8792

Legend: Visc is mix viscosity, FD is fat destabilization and OR is overrun.
“p<0.05, “p<0.01; ““p<0.001.
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Table 2.3 Means and standard errors for tandpeak from ice creams with manipulated structures. One-way ANOVA and Tukey’s HSD
(o =0.05) tests were performed to determine significant difference within the data.

Stabilizer! Air System Polysorbate 80 Code G’..5.c(MPa) G’0c(kPa)  mooc(KPa.s)  ovoc(Pa) Thixoc (Pa.s?)
0% S1IA1P1 5.4+0.7%PB  (0.16+0.01%*A  1.2+0.1%3A  2.3+0.2%3A 303+4%aA

8L.h* 0.015% S1A1P2 5.1+0.5%2C  (0.1740.01%2A  2,14#0.2%3A  2240.1%3A 317+4%2A

0.03% S1A1P3 4.6+0.6%*B 0.25+0.02¥2A  5.6+0.3"*A  3.2+0.2Y2A 347+7Y2A

0% S1A2P1 6.1+0.7YPB  0.16+0.01%3A  2,0+0.2%3A  2.4+0.2%3A 334+4%0A

0% 11L.h' 0.015% S1A2P2 6.1+0.7Y*B  (0.18+0.01%*A  3.0£0.2%aA  3.1+0.2%PA 341+5%0A
0.03% S1A2P3  3.7£0.3%*B  0.44+0.08Y3A 10.0£1.3Y*A  6.7+1.2Y23A 411+14Y2A

0% S1A3P1 2.9+0.4%3A  (,20+0.02%PA  59+0.5%PA  3.3+0.3XPA 376+11%cA

15L.ht 0.015% S1A3P2 4.8+0.8%3B  0.27+0.04*PA  7.4+0.7%PA  4,140.3%CcA 388+7X A

0.03% S1A3P3 5.1+0.5%*B  1.81+0.67"PA 455+13.9VPA 26.9+8.1VPA  680+£117Y3A

0% S2A1P1 1.9+0.2%A  (0.28+0.02%2A  11.0+0.9%2B  4,9+0.4%2A 434+13%2A

8L.h* 0.015% S2A1P2 2.6+0.3%Y2B (.26+£0.03%aA  10.7£1.2%2A  4.6+0.4%3A 45413628

0.03% S2A1P3 3.2+0.3Y*B  1.66+0.32V*B  50.5+3.0Y2B 20.4+2.8Y2B 795426728

0% S2A2P1 3.1#0.4%3A  (0.58+0.04%PB  212+17XPB 8 5+] 2XabA 527+24%.8

0.2% 11L.ht 0.015% S2A2P2  3.4+0.3%3A  (0.40+0.06%*"  18.6+1.5%PB  8.7+0.3%bA 534+31%2B
0.03% S2A2P3  3.3x0.3%*B  2.84+0.19YPC  094.446.3YPE  34.0+1.8Y?B 1059+44Y28

0% S2A3P1 3.240.4%3A  0.87+0.03%¢B  41.6+4.2X¢B  13.3+2.0%PA 620+40%PB

15L.ht 0.015% S2A3P2 3.9+0.5XY3AB  (,72+0.10%PA  30.5+2.4%¢A  11.440.9%¢A 680+30% B

0.03% S2A3P3 5.0+05"PB  3.46+0.29Y"B 133.2+15.3Y°E 53.846.4"PE  1325+114YPB

0% S3A1P1 1.1+0.1%*A  0.61+0.06%*B  34.6+3.7%2C 195+2.6%2B 909+85%28

8L.h* 0.015% S3A1P2 1.2+0.2%*A  (0.99+0.15%*B  53.8+4.8%2B 35 6+2 528 1261+50Y2¢
0.03% S3A1P3  1.240.2%*A  (0.81+0.09%*A 60.1+14.3%2B 28,7+2.0Y2C  1024+121%Y2B

0% S3A2P1 2.2+#0.2%bA  126+0.08%PC  66.6+3.2XPC  31.0+£3.9%B  1065+46%C

0.4% 11L.h' 0.015% S3A2P2  2.6+0.4%bA  1.69+0.10YPB  75.0+3.6%2C  30.3%4,1%aB 1415+59Y2¢
0.03% S3A2P3  2.0+0.1%PA  1.42+0,15%YPB  78,145,9%®B 32 1+1 8%4B  1365+111Y2C

0% S3A3P1 3.1#0.2%¢A  1.69+0.08%¢C  84.3+6.0%¢C  40.6+4.9%PB 1250+65%P€

15L.h' 0.015% S3A3P2 2.5+0.2%bA  1.88+0.21%PB 113.2+13.9%PB 43,0+3.7%2B 1418+61%2¢

0.03% S3A3P3  2.6+0.3%PA  1.96+0.14%¢AB 113.5+9.2%PB 53,8+54*PB 1340+94%28

Legend: Stabilizer is a commercial blend that includes locust bean gum, guar gum and carrageenan. * ¥ # denote significant
differences among ice cream with different levels of polysorbate 80. ™ ¢ denote significant differences among ice cream with
different levels of air flow. B € denote significant differences among ice cream with different levels of stabilizer.
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Chapter 3

3

Correlations between Rheological Properties and Meltdown Behavior of Ice Cream
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3.1 Abstract

Meltdown behavior is among the most important characteristics for quality control in ice cream.
However, although the meltdown test provides important information on melting behavior, this
test also has its limitations, such as sample size, heat transfer rate, sample volume and weight,
among others. Both rheological and melting properties are affected by structural components and
their intrinsic arrangement in the ice cream matrix. The characterization of the mechanical
behavior of these structural components and their interactions by instrumental tests, such as
rheometry, can help in understanding the melting behavior in ice cream. Thus, this study aimed to
evaluate the correlation between rheological properties and parameters from meltdown test in ice
cream. Meltdown and rheological parameters, such as drip-through rate (DT) and final height (FH)
as well as storage modulus (G’o°c), residual viscosity (Mo o°c), yield stress (oy o°c) and thixotropy
(Thix oc), were obtained from previous work. DT or FH were predicted by G’o°c, noo-c, 6y o°c and
Thix o°c. An exponential decay or growth was observed in DT or FH, respectively, when G’o°c,
Mo o°c, oY o°c Or Thix o°.c was increased. Exponential decay or growth in DT or FH, respectively,
was observed in samples with no stabilizer added (low mix viscosity) and as fat destabilization
and/or overrun increased. Then, a plateau was observed in DT as G’o°c, Mo 0°c, 6y o°c OF ThiX o°c
increased, mainly in samples with 0.2 and 0.4% stabilizer added; a shorter plateau was observed
in FH as G’o°c, noo°c, oy o°c Or ThiX oec increased, mainly in samples with 0.4% stabilizer added.
G’oec reasonably explained DT and FH, while noo°c, 6 o°c O ThiX o°c satisfactorily explained the
variability (>80%) in both DT and FH. Therefore, noo-c, oy occ Of  ThiX ooc measurements could
be reliably used to correlate to DT and FH, which could reduce time and increase the accuracy to

obtain information from the physical properties of ice cream.
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3.2 Introduction

The physical properties of ice cream, such as meltdown and rheology, are strongly
influenced by the ice phase presence. However, other structural components from air, fat and
serum phases also affect meltdown and rheology of ice cream. In previous work, the effects of
extent of fat destabilization, mix viscosity and overrun on the entire meltdown (Wu et al., 2019)
and rheological properties (Chapter 2) of full fat ice creams were studied. Nevertheless, the
correlation between rheological and meltdown properties from those ice creams was not yet
explored.

In fact, although it is known that rheological properties affect ice cream meltdown (Goff
and Hartel, 2013), there is a lack of information about their correlations in literature. It is known
that mix viscosity and other structural components affect melting rate of ice cream (El-Nagar
et al., 2002; Huppertz et al., 2011; Muse and Hartel, 2004). Furthermore, although several studies
have investigated ice cream rheology in recent decades (Goff et al., 1995; Granger et al., 2005;
Wildmoser et al., 2004), the relationship between rheology and meltdown has been little explored.
Mechanical behavior strongly affects ice cream performance during meltdown. Correlations
between rheological and meltdown properties can provide information not only about which
rheological parameters are important in ice cream meltdown, but also which magnitude ranges are
required to change this meltdown behavior. Thus, these rheological parameters may be important
as reference for other research on structure development in ice cream.

Wu et al. (2019) found important information on melting behavior studying the entire
meltdown and height collapse curves of ice creams. They found mix viscosity and fat
destabilization had significant effects on both drip-through rate (DT) and final height (FH), while

overrun affected the meltdown behavior in ice creams with no stabilizer added. That is, meltdown
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of samples with low mix viscosity was influenced by overrun, but not when serum viscosity was
high.

From our previous work (Chapter 2), at 0°C, extent of fat destabilization had most effects
on storage modulus (G’o°c, Which was obtained from oscillatory thermo-rheometry from -15 to
25°C) and yield stress (ov o°c, which was obtained from stress growth measurements). The effects
on G’oec were followed by overrun with lower effects from mix viscosity, while the effects on
ov o°c Were followed by mix viscosity with lower overrun effects. On the other hand, from creep
tests, the residual viscosity (1o o°c), which was obtained from the Maxwell unit in series with two
Kelvin-Voigt units (six-element model), and rheological destruction (Thix o°c), which was
obtained from thixotropic loops, was mainly affected by mix viscosity, followed by fat
destabilization extent, and with lower overrun effects. Therefore, this study aimed to compile the
findings reported by Wu et al. (2019) and our previous work (Chapter 2) to evaluate the

correlations between meltdown behavior and rheological properties of full fat ice creams.

3.3 Materials and Methods
3.3.1 Materials

Ice cream mixes were made using cream, nonfat dry milk, sucrose, stabilizers and
emulsifiers. Cream, sucrose (United Sugars, Edina, MN, USA) and nonfat dry milk (Dairy
America, Fresno, CA, USA) were obtained from the Babcock Hall Dairy Plant (Madison, WI). A
stabilizer blend (Germantown™ Premium 1.C., New Century, KS, USA), which included locust
bean gum (LBG), guar gum, and carrageenan, and mono-and diglycerides (Grinsted® HV 52 K-A,
New Century, KS, USA) (MDG), was purchased from Danisco USA. Polysorbate 80 (PS80) was

purchased from Avatar® (Avapol™ 80K Sorbitan Ester, University Park, IL, USA).
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3.3.2 Experimental Design

This study aimed to evaluate the correlations between melting behavior and rheological
properties of ice cream, which has not yet been studied. A 3x3x3 full factorial design with different
levels of stabilizer (0, 0.2 and 0.4%), PS80 (0, 0.015 and 0.030%) and air flow (2, 3 and 4gal.h™%)
was used to control mix viscosity, extent of fat destabilization and overrun. The experimental
design combined to the structural components, meltdown and rheological properties are presented
in Tables 3.1, 3.2 and 3.3, respectively. The experiments were performed in duplicate. Mixes and

ice creams were randomly made and frozen, respectively.

3.3.3 Formulation and Processing

Mix formulation included 12% fat, 11.3% milk solids nonfat, 16.9% sucrose, 0.15% MDG,
0 to 0.4% stabilizer and 0 to 0.03% PS80. Total solids were around 40.5% and freezing point was
-2.7+0.1°C.

Ingredients were blended and heated to 85°C using a batch-jacketed mixer (Stephan Food
Processing Machinery, Hamelin, Germany). After that, a two-stage homogenizer (Manton-Gaulin
MFG, Co. Inc., Everett, MA, USA) at 17.2 MPa (3.4 and 13.8MPa in the second and first stages,
respectively) was used to homogenize the mixture. Then, the homogenized mixture was cooled to
10°C in the mixer and aged for approximately 24 hours at 4°C.

Mixes were frozen in a Hoyer Frigus KF 80 F continuous freezer (Tetra Pak Hoyer Inc.,
Aarhus, Denmark), which was operated in manual mode at 500RPM dasher speed. Air flow was
changed according to the target for overrun (8, 11 or 15L.h* aimed to reach 50, 75 and 100%,
respectively) using constant pump ratio (0.99+0.00), as described in the previous work (Chapter

2). Flow of ice cream (pump system) in the freezer (22.0+0.4L.h") was used for the fine adjusts of
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overrun. When the ice cream reached the equilibrium temperature (-6.05+0.01°C) upon exit of the
freezer barrel and equilibrium overrun (50.2+0.2%, 75.1+ 0.2% and 99.6+0.2%), the ice cream
was collected in containers (473mL), which were placed in a hardening cabinet (-29°C) for one

hour and transferred to a walk-in freezer at -29°C.

3.3.4 Physical, Compositional and Structural Measurements (Structural Components)

Ice cream mixes were analyzed for fat globule size distribution, both by light scattering
and optical light microscopy. The aged ice cream mixes were also analyzed for viscosity. For ice
cream, draw temperatures and overrun were measured during the dynamic freezing. After
hardening, particle/fat globule size distribution, optical light microscopy, air cell size distribution,
ice cell size distribution and rheological measurements were performed on the ice creams. The

analyses were performed in triplicate.

3.3.4.1 Ice Cream Mix Viscosity

A rotational rheometer (DHR-2, TA Instruments, New Castle, DE, USA) with cup and bob
geometry preset at 0°C was used to measure the viscosity of the ice cream mixes. Mix temperature
was equilibrated for 5 minutes. After that, 10 data points per decade were obtained using a flow
sweep performed from 100 to 1s™ shear rate with steady state sensing (5% tolerance within 30
seconds in 3 consecutive data points and 180s for maximum equilibration time). The apparent
viscosity at 50s-1 shear rate was used as an approximation for the serum phase viscosity of the

melted ice cream at 0°C.
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3.3.4.2 Overrun

The weight of the same volume of mix and ice cream (177.4mL) was obtained. The
percentage of the weight difference between the mix and ice cream to the ice cream weight was
used to obtain the overrun (Goff and Hartel, 2013). After reaching equilibrium for draw
temperature and ice cream weight, overrun values were obtained before collecting samples from

the beginning, middle and end of the production.

3.3.4.3 Particle/Fat Globule Size Distribution

Particle size distributions were obtained using laser light scattering (Malvern Mastersizer
2000, Malvern Instruments Ltd., Worcestershire, UK) for mix and melted ice cream (Goff and
Hartel, 2013). Obscuration from 13 to 15% was reached by using around three drops of sample
(4°C); 1.33 was used as refractive index for dispersant (deionized water), 1.47 was used as
refractive index for dispersed phase (milk fat), and 0.01 was used for absorbance.

Ice cream was placed at ambient temperature (22+1°C) to melt and then stored at 4°C until
analysis. The peak of the destabilized fat from melted ice cream sample was compared to the peak
of the initial emulsion from that respective mix sample to obtain the extent of fat destabilization

(Bolliger et al., 2000; Warren and Hartel, 2018).

3.3.4.4 Air Cell Size Distribution

In the insulated glove box Donhowe et al. (1991) set at -6°C air cell size distribution was
analyzed, as detailly described by (Chang and Hartel, 2002). Images at 40x magnification were
taken using OPTIMAS software (OPTIMAS v6.1, Optimas Corp., Meyer Instruments Inc.,

Houston, Tex. U.S.A.) and a solid state camera (Cohu Eletronics Div., San Diego, CA, USA)
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attached to an optical light microscope (Optiphot, Nikon, Inc., Garden City, NY, USA) with 30W
LED light system. Images were analyzed using Image Pro Plus software (Image Pro Plus 7.0,
Media Cybernetics, Inc., Rockville, MD, USA), from which results were collected in a Microsoft

Excel spreadsheet. It was analyzed at least 300 air cells.

3.3.4.5 Ice Cell Size Distribution

In the same insulated glove box, ice crystal images were taken at -15°C, as described by
Donhowe et al. (1991). Images at 40x magnification were taken using OPTIMAS software
(OPTIMAS v6.1, Optimas Corp., Meyer Instruments Inc., Houston, Tex. U.S.A.) and a solid state
camera (Cohu Eletronics Div., San Diego, CA, USA) attached to an optical light microscope
(Optiphot, Nikon, Inc., Garden City, NY, USA) with 30W LED light system. After that, ice
crystals (at least 300) from the images were traced using Microsoft Softonic Paintbrush for Mac.
The images were processed using Image Pro Plus software (Image Pro Plus 7.0, Media
Cybernetics, Inc., Rockville, MD, USA), and the results were collected in a Microsoft Excel

spreadsheet.

3.3.5 Rheological properties

Rheological measurements were performed using parallel plates of 25mm diameter with
crosshatched surface attached to a rotational rheometer (DHR-2, TA Instruments, New Castle, DE,
USA). A liquid recirculating chiller (ThermoCube, Solid State Cooling Systems, Wappingers
Falls, NY, USA) with a 20% ethanol solution attached to the Stepped Peltier Plate system was
used to control the temperature in the lower plate. A liquid recirculating chiller (Isotemp 4100

R35, Fisher Scientific, Waltham, MA, USA) with a 50% ethylene glycol solution attached to the
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Upper Heated Plate system was used to control the temperature in the upper plate. As detailed
described in the previous work (Chapter 2), disks of ice cream with 25 and 2.5mm of diameter and
height, respectively, were prepared using a cylindrical tool within insulated glove box at -20°C.
The ice cream disk was taken to the rheometer with parallel plates preset at -15 or -5°C. Then, the
upper plate was loaded into the disk without trimming. Preliminary tests using ice creams with the
lowest (SLA1P1, refer to code in the Table 3.1) and the highest (S3A3P3, refer to code in the Table
3.1) levels of stabilizer, air flow and PS80 were performed to test the parameters used in each

rheological protocol subsequently described.

3.3.5.1 Oscillatory Thermo-Rheometry (OTR)

As described in the previous work (Chapter 2), oscillatory thermo-rheometry (OTR), which
used controlled axial force, was adapted from Wildmoser et al. (2004) and (Granger et al., 2005).
The OTR performed from -15 to 25°C was performed within the Linear Viscoelastic Regime
(LVR) for all samples, as confirmed in preliminary tests using the samples S1IA1P1 and S3A3P3.
From -15 to 0°C and from 0 to 25°C strain values of 0.01 and 0.1%, respectively, were used. Ice
cream disk was loaded at -15°C with initial gap of 1800um. A sample cover, which was developed
to minimize water evaporation (as previously described in Chapter 2), followed by an insulating
thermal cover for the parallel plates was placed over the sample. When the axial force was lower
than 10N, the test began with a gap of 1800um for 2 minutes. At ON (0.1 N) axial force, the
sample was equilibrated for other 15 minutes. As described in the previous work (Chapter 2), a
continuous oscillation using 10 rad.s™ at 0.5°C.min"* was applied to the sample. Storage modulus

(G’0°c) was collected at 0°C.
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3.3.5.2 Creep-Recovery

Creep measurements were adapted from Steffe (1996) and Dogan et al. (2013). The sample
was loaded at -5°C and 1800um gap, which was followed by an insulating thermal cover.
Temperature was set to 0°C, and samples were equlibrated for 10min. After that, a constant stress
of 1.2Pa (oconstant), Which was chosen within the LVR, was applied to the sample for 150s. The
stress was relieved, and the structure recovered for another 150s. As observed in preliminary tests
using samples SIA1P1 and S3A3P3, the equilibrium was reached with those measurements. Data
points collected decreased logarithmically over time (fast sampling). Creep compliance data were
fitted to a six-element model (generalized Kelvin-Voigt model) using the TRIOS software (2019

TA Instruments—Waters LLC, New Castle, USA).

3.3.5.3 Stress Growth

Stress growth measurements, which were adapted from Elliott and Ganz (1977) and (Rao,
2007), were performed at 0°C. Sample was loaded at -5°C and 1800um gap. An insulating cover
was placed over the sample and equilibrated for 10min at 0°C. A constant 0.01s™ shear rate was
applied to the sample. The stress was recorded over 1800 seconds or until the sample reached
steady state flow (5% tolerance within 30 seconds in three consecutive sampling). The stress peak

was taken as the yield stress (oy).

3.3.5.4 Flow Ramp
The sample was loaded at -5°C, temperature was set to 0°C and shear rate ramp was
performed from 0.001 to 100 s™*. The instantaneous shear stress and viscosity were obtained with

10 points per decade for 10 minutes. The up shear rate ramp was followed by down shear rate ramp
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from 100 to 0.001 st for another 10 minutes. The area between the curves was obtained as an

empirical measurement of rheological destruction, as thixotropy, in the melted ice cream.

3.3.6 Statistical Analysis

Data were analyzed using JMP statistical software (JMP Pro 14.0, SAS Inst., Cary, N.C.,
U.S.A. 2018). The data analysis was performed using nonlinear regressions for rheological and
meltdown properties from the 27 ice cream samples. Drip-through rate (DT) or final height (FH)
were predicted by G’oec, 6y o°c, o o°c Or ThiX oec. The final nonlinear model was chosen based on

the lowest Schwarz’s Bayesian information criterion (BIC) as well as R2.

3.4 Results and Discussion

Structural components, rheological and meltdown properties of ice cream were compiled
and discussed from Wu et al. (2019) and previous work (Chapter 2). Structural components and
their correlations as well as rheological and meltdown properties will be briefly discussed. Then,
correlations between rheology and meltdown of ice cream using nonlinear equations are presented

and discussed.

3.4.1 Structural Components and their Correlations

As correlations, mainly between extent of fat destabilization with mix viscosity and
overrun, among the structural components were expected, the structural formation was controlled
within a certain range. The wide structural range of ice cream samples due to the different levels
of stabilizers, airflow and PS80 were compiled from Wu et al. (2019) and previous work (Chapter

2) in Table 3.1.
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As stabilizer levels increased, mix viscosity (at 50s™) also increased (Table 3.1), which is
well established in the literature for ice cream and other food products (Cottrell et al., 1980; Goff
and Hartel, 2013; Li and Nie, 2016; Saha and Bhattacharya, 2010). As mentioned previously
(Chapter 2), ice cream mixes showed non-Newtonian flow behavior, with an increase in
pseudoplastic behavior (shear-thinning) as levels of stabilizer increased. Moreover, samples with
0.4% stabilizer added were reported to form a weak gel (Chapter 2). Also, PS80 had no significant
effect on mix viscosity.

As air flow in the continuous freezer increased, overrun increased (Table 3.1). The air flow
levels (8, 11 and 15L.ht) using manual mode, which was used to avoid automation interferences
from the freezer, provided good control for the target overrun (50, 75 and 100%, respectively).

Overall, as stabilizer, air flow and PS80 increased, extent of fat destabilization also
increased (Table 3.1). Increased levels of PS80 generally enhanced fat destabilization during
dynamic freezing, except for the samples with 0.4% stabilizer. As the mix viscosity (at 50s™)
increased, extent of fat destabilization increased (Table 3.1), which agreed with other authors
(Amador et al., 2017; Goff and Spagnuolo, 2001; Muse and Hartel, 2004). Shear forces in the
barrel increase due to the increased viscosity and lead to an increase of fat globule collisions during
freezing. As overrun increased, fat destabilization extent also increased (Table 3.1), which was
more prominent in samples with 0.4% stabilizer added (r=0.86, p=0.0027). This correlation
(overrun and fat destabilization) corroborated with other studies (Warren and Hartel, 2018). Higher
overrun increases fat globule collisions during freezing due to the thinner lamella.

Air cell size generally decreased as overrun increased (Table 3.1), which corroborated with
previous studies (Sofjan and Hartel, 2004; Warren and Hartel, 2018). This was probably due to

increased shear stress during freezing that leads to further breakdown of air cells. As stabilizer was
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added, slight differences among air cell size was found. Amador et al. (2017) found smaller air
cells using -3°C as draw temperature, but not at -6°C as draw temperature, which corroborated to
this study. More research is required to understand the correlations between air cell size and
processing as well as air cell size and stabilizer levels.

Although slight differences were found in the ice crystal size, no trend was found among

the ice cream samples. Thus, any small differences in ice crystal size will not be considered further.

3.4.2 Ice Cream Meltdown

Drip-through rate (DT) and final height (FH), which were obtained from Wu et al. (2019),
represent the change of ice cream matrix during meltdown test (Table 3.2). As ice cream melts at
ambient temperature (~22°C) under the force of gravity, DT represents the flow of the matrix,
while FH represents the remnant foam on the top of screen at the end of the meltdown test. In
summary, DT or FH were most influenced by mix viscosity (at 50 s1) and fat destabilization,
which both presented inverse correlations with DT and direct correlations with FH. Overall,
overrun influenced DT or FH only in samples with no stabilizer added. An inverse correlation was

found between overrun and DT, whereas a direct relationship was found between overrun and FH.

3.4.3 Ice Cream Rheology

Storage modulus (G’o°c), residual viscosity (1o o°c), yield stress (oy o°c) and thixotropy
(Thix oec), shown in Table 3.3 from previous work (Chapter 2), were evaluated at 0°C since it was
intended to highlight the controlled structural components (mix viscosity, overrun and extent of
fat destabilization) across the different formulations at a temperature where the melted ice cream

matrix had yet to experience major damage. From Chapter 2, G’oec represents elastic behavior,
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Mo occ represents viscous behavior at low shear rate, oy o°c represents the transient flow behavior
and Thix o°c represents rheological destruction, which allude to strength of the initial structural
formation. Overall, direct correlations were found between mix viscosity, fat destabilization or
overrun with G’o°c, no o°c, oY o°c Or Thix oec. Fat destabilization had the most influence among
structural components on G’oec, followed by overrun and mix viscosity. Mix viscosity showed the
most influence on no o°c, followed by fat destabilization, and with lower effects of overrun. Among
the structural components, fat destabilization showed the most influence on oy o°c, followed by
mix viscosity and overrun. The mix viscosity showed the most influence on Thix o-c, followed by
overrun and FD effects. Here, rheological parameters will be correlated to the mechanical
performance of ice cream during the drip test (DT) or remnant foam height at the end of the

meltdown test (FH).

3.4.4 Correlations between Rheology and Meltdown Behavior

Nonlinear models (presented in Tables 3.4 and 3.5) were used to evaluate correlations
between rheological parameters obtained at 0°C and meltdown parameters. Here, extent of fat
destabilization, mix viscosity (at 50s™) and overrun are the main structural components discussed
(Wu et al., 2019; Chapter 2). The rheological measurements were evaluated at 0°C since it was
intended to highlight the controlled structural components (mix viscosity, overrun and extent of
fat destabilization) across the different formulations at a temperature where the melted ice cream
matrix had yet to experience major damage. Here, it is assumed that the slab of ice cream on the
top of the screen during the meltdown test was represented by the melted ice cream disk between
the parallel plates at 0°C in the rheometer. Even though this is not strictly true, no other way to

compare the rheology of the remnant foam was possible. Moreover, relationships between
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composition (which directly affected the structural components) with meltdown and rheological

parameters are detailed in Tables 3.2 and 3.3, respectively.

3.4.4.1 Storage Modulus (G’o-c) from Oscillatory Thermo-Rheometry (OTR)

Storage modulus (G’o°c) is the measurement of deformation energy stored and recovered
per cycle of deformation in the matrix (Ferry, 1980; Gunasekaran and Ak, 2003, 2000). The ability
to retain the initial shape of the ice cream slab during dripping or remnant foam at the end of
meltdown test is due to the elastic properties of the matrix. This property is directly related to
G’oec.

The relationships of all rheological parameters against DT (Tables 3.2 and 3.3) generally
shows an exponential decay, which can be represented by a generic exponential model with three

parameters:

DT = a + b-exp (c- Rheological Parameter) (3.2)

Here, a is asymptote, b is scale and c is growth rate.

As seen in Figure 3.1, at low G’o°c, samples showed high DT. That is, samples with weak
structure dripped rapidly through the screen. As G’oec increased, DT first showed an exponential
decay and then reached a lower asymptote, where DT was independent of G’o°c. Samples with
G’o°c below 175Pa showed high DT. As G’oc increased up to around 400Pa, exponential decay in
DT was seen. G’oec values above 400Pa led to DT below 0.6g.min, where, except sample S1A3P3

(see code in Table 3.3), most samples presented a plateau with DT below 0.3g.min. Above 440Pa,
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Figure 3.1 Behavior of storage modulus (G’oc) versus drip-through rate (DT) for samples with
controlled mix viscosity, overrun and extent of fat destabilization [Data compiled from Wu et al.
(2019) and Chapter 2]. Line is fitted exponential model.
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DT changed only slightly. With higher G’o-c, the remnant foam had greater solid-like behavior and
hence, lower DT. A nonlinear model is presented in Table 3.4 to describe the correlation between
G’o°c and DT, which is also represented in Figure 3.1.

As can be observed in Figure 3.2A, as fat destabilization increased, in general, DT
decreased and G’o°c increased, respectively, although there were numerous outliers. Other studies
also found this relationship between fat destabilization and DT (Bolliger et al., 2000; Muse and
Hartel, 2004; Warren and Hartel, 2018) and G’o°c (Eisner et al., 2005; Granger et al., 2005;
Wildmoser et al., 2004). The fat clusters connected through the lamellae probably increased the
elasticity of the ice cream matrix, which were able to partially decrease the serum phase drip on
the top of the screen. In the transition zone, from the exponential decay to plateau, samples SIA1P2
and S2A1P2 (see codes in Table 3.2 or 3.3), which presented low fat destabilization, showed low
DT with G’o.c below 400Pa (Figure 3.2A). This was probably related to other structural
components, which were directly affected by the formulations (Table 3.3), that also affected G’oc
to a lower degree, such as viscosity and overrun.

From Figure 3.2B, as mix viscosity (at 50s™) increased, DT clearly decreased, showing a
significant effect of the mix viscosity on rate of DT. At the same time, G’o°c increased, but data
became more scattered. These relationships between mix viscosity with DT (Amador et al., 2017;
Muse and Hartel, 2004) and G’o-c (Dogan et al., 2013) were found in previous studies. At low
viscosity (code S1 in the Tables 3.2 and 3.3), G’o.c Was low and DT was high in most samples. At
higher mix viscosity (at 50s™), G’o-c increased further and DT showed a strong decrease, which

was almost independent of fat destabilization and overrun (Wu et al., 2019). The
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viscosity (at 50s™); (C) Drip-through rate (grey diamond) and G’oc (black triangle) versus overrun
[Data compiled from Wu, Freire and Hartel (2019) and Chapter 2].
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water retention and higher entanglement of polysaccharides provided elasticity to the matrix,
which was potentialized by fat destabilization and overrun, so that flow of the serum phase was
limited and reduced ice cream dripping.

As overrun increased, G’oc generally increased and DT generally decreased, although
there was significant scatter in the data, as observed in Figure 3.2C. These general relationships
between overrun with DT (Sakurai et al., 1996; Sofjan and Hartel, 2004) and G’o°c (Wildmoser et
al., 2004) were found in previous work. In DT, this trend was observed mainly in samples with no
stabilizer added, the trends decreased with 0.2% and almost no differences were found with 0.4%
stabilizer added (Table 3.2). In G’oc, this trend was reversed (Table 3.3). Although samples with
0.4% stabilizer added showed a lower range of G’o-c, greater influence on G’o-c was found from
overrun. As previously discussed, weak gel formation was observed in mix formulations with 0.4%
stabilizer added. This gel formation, associated with larger volume of smaller air cells, provided
greater structural strength to the ice cream matrix due to greater interaction of structural
components in the thinner lamellae and larger surface area in the interface air cell/serum phase.
Thus, this low range of G’o°c was not enough to see a difference in the DT. Finally, it is worth
recalling from previous work (Chapter 2) that fat destabilization most influenced G’o°c behavior
and that G’o-c above 400Pa led to a stable DT below 0.3g.min in most samples.

Moving on to FH, overall, data for most of the rheological parameters versus FH (Tables
3.2 and 3.3) presented an exponential increase, which could be represented by a generic

exponential model:
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FH = a+ b-exp (c- Rheological Parameter) (3.2

Here, a is asymptote, b is scale and c is growth rate.

As G’oec increased, FH initially showed an exponential increase and then reached an upper
asymptote (Figure 3.3). Samples with G’o-c below 155Pa showed no FH (0%), meaning the entire
sample completely dripped through the screen. As G’o°c increased further, up to around 750Pa, FH
showed an exponential increase. The higher variability in FH at low G’e°c is probably due to
greater dependence of FH on other mechanical components, such as viscous and viscoelastic
behavior. G’¢ec values above 750Pa led to FH above 40% (Figure 3.3), where, except sample
S3A1P1 (see code in Table 3.2), most samples with 0.4% stabilizer added presented FH above
50%. Above 750Pa, FH changed slightly from 40 to 60%. A higher G’o.c means greater solid-like
behavior of the microstructure, which directly increased the FH of the remnant foam on the top of
the screen. A nonlinear model is shown in Table 3.4 to describe the correlation between G’o-c and
FH, which is also represented in Figure 3.3.

As fat destabilization increased, both FH and G’¢.c (previously discussed) generally
increased (Figure 3.4A), although there was significant variability. This relationship between fat
destabilization and shape retention was also suggested from other studies (Bolliger et al., 2000;
Warren and Hartel, 2018). Although fat destabilization generally correlated with mix viscosity and
overrun (Table 3.3), PS80 levels influenced the FH less than mix viscosity and overrun. Thus, the
network of fat clusters increased the G’o-c of the ice cream matrix and partially increased the FH.

Overall, as mix viscosity (at 50s?) increased, FH and G’o-c (previously discussed)

increased slightly (Figure 3.4B), although the values were quite scattered. The relationship
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Figure 3.3 Behavior of storage modulus (G’e°c) versus and final height (FH) for samples with
controlled mix viscosity, overrun and extent of fat destabilization [Data compiled from Wu et al.
(2019) and Chapter 2]. Line is fitted exponential model.
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fat destabilization; (B) Final Height (hollow triangle) and G’oc (black circle) versus mix viscosity
(at 50sY); (C) Final Height (hollow diamond) and G’o-c (black triangle) versus overrun [Data
compiled from Wu et al. (2019) and Chapter 2].
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between mix viscosity and shape retention was probably due to the drainage resistance (Wu et al.,
2019). This shape retention was more prominent in the samples with 0.4% stabilizer added (Table
3.2), where a weak gel formation was observed in their respective mix formulations, as previously
discussed. Therefore, the water retention and higher entanglement of polysaccharides partially
increased G’o°c, but directly affected the flow as well as drainage resistance and increased the FH.

In general, as overrun increased, FH and G’oec (previously discussed) increased slightly
(Figure 3.4C), although the results were highly scattered. This relationship between overrun (air
flow) and FH was more prominent in samples with no stabilizer added (Table 3.2). In other words,
the higher overrun increased G’o°c and FH, but only when viscosity was low. Thus, G’¢-c was most
affected by fat destabilization, and DT as well as FH were most affected by mix viscosity.

The variability of DT (73% explained variability) and FH (75% explained variability) were
satisfactorily predicted by G’oec (Table 3.4). However, the use of other mechanical parameters,
which include viscous and viscoelastic behavior, might possibly improve the variability prediction

of DT or FH.

3.4.4.2 Residual Viscosity (no) from Generalized Kevin-Voigt Model (Creep Measurements)
Gravitational force is the only load applied to ice cream during a typical meltdown test. In
this condition, as ice melts and dilutes the serum phase, shear rate should be quite low. In creep
test from previous work (Chapter 2), since constant stress value was chosen within the LVR, the
load applied to the sample also produced low shear rates. Thus, parameters obtained from the creep
test may correlate with the mechanical performance of ice cream in meltdown test.
From the previous work (Chapter 2), shear creep compliance (J) was obtained for melted

ice creams at 0°C from the structure study. The generalized Kelvin-Voigt model with six
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parameters (one Maxwell unit in series with two Kelvin units) was found to describe well those

creep compliance data for the melted ice cream (Chapter 2):

J@®) =)o+ [1_9_%] +/2 [1_3_%]"‘15/7]0 (3.3)

Here, J(t) is the compliance over time (t), Tz and T2 are retardation times, J: and J» are retarded
compliances, Jo is instantaneous compliance and 1o is the residual viscosity. J: and J. represent the
viscoelastic behavior (from the two Kelvin-Voigt units). Jo and no represent the elastic and viscous
behaviors (from the Maxwell unit), respectively. From this mechanical model (Equation 3.1),
parameters of each element (one Maxwell unit and two Kelvin units) were obtained. Go (Spring)
is elastic modulus and no (dashpot) is residual viscosity from Maxwell unit, G1 (spring) is retarded
elastic modulus and 11 (dashpot) is internal viscosity from first Kelvin-Voigt unit, G2 (spring) is
retarded elastic modulus, and 12 (dashpot) is internal viscosity from second Kelvin-Voigt unit
(Dogan et al., 2013). While other parameters are discussed elsewhere in this dissertation, here, no
will be discussed further since it represents viscous behavior at low shear rate and may possibly
present good correlation with viscous behavior of the ice cream matrix in meltdown test.
Moreover, from our previous work (Chapter 2), no was also used to validate oy o.c measurements.
Therefore, here, the correlations of both no o°.c and oy o°c with meltdown parameters will also be
compared to each other.

A nonlinear model to describe the correlation between noo-c and DT is presented in Table
3.4; this correlation is also represented in Figure 3.5. The exponential decay model has three
parameters, growth rate, scale and asymptote (Equation 3.1). At low no o°c, DT is high. As noo°c

increases slightly, DT presents an exponential decay and reaches a lower asymptote, where DT is
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Figure 3.5 Behavior of residual viscosity (no o°.c) from generalized Kelvin-Voigt model versus
drip-through rate for samples with controlled mix viscosity, overrun and extent of fat
destabilization [Data compiled from Wu et al. (2019) and Chapter 2]. Line is fitted exponential
model.
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almost independent of o oec. As observed in Figure 3.5, samples with noo°c below 2000Pa.s showed
DT above 0.8g.min. As no o.c increased up to around 11000Pa.s, DT showed an exponential
decay. For 1o oec values above 11000Pa.s, DT was below 0.3g.min!, except for sample S1A3P3
(see code in Table 3.3 and Figure 3.5). Higher no occ means greater flow resistance and lower DT.

In general, as fat destabilization increased, DT decreased (previously discussed) and Mo o°c
increased, which is represented in Figure 3.6A. The relationship between fat destabilization and
Nooec IS due to the elastic properties provided by the network of fat globules to the melted matrix.
Moreover, as PS80 increased (increased fat destabilization), no differences were found for no o°c
in samples with 0.4% stabilizer added (Table 3.3), which was probably due to gel (weak) formation
in those respective mixes, as showed in previous work (Chapter 2).

As mix viscosity (at 50s™) increased, DT decreased (previously discussed) and mo ooc
increased (Figure 3.6B) although there was significant scatter in the data. Dogan et al. (2013)
reported that the increase of xanthan gum concentration increased mix viscosity as well as residual
viscosity (no). The ability of stabilizers to affect mix viscosity is well established in the literature.

Therefore, an increase of no o°c in melted ice cream due to increase of mix viscosity was
expected. In general, as overrun increased, DT decreased (previously discussed) and mo o°c
increased; however, DT (previously discussed) and mo o°c Values were very scattered, as observed
in Figure 3.6C. This relationship between overrun (air flow) and no o°c (Table 3.3) was probably
due to the greater surface area at the air cell/serum phase interface in samples with higher overrun,
which led to greater interactions of molecules and particles in the matrix. Furthermore, a
correlation was found between overrun and air cell size, the greater volume of small air cells
probably led to a more structured melted matrix, which increased the noo-.c. However, further study

is required to better comprehend the correlation between overrun and no o°c.
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Figure 3.6 (A) Drip-through rate (grey circle) and mo o°c (black square) versus extent of fat
destabilization; (B) Drip-through rate (grey triangle) and no o°c (black circle) versus mix viscosity
(at 50s); (C) Drip-through rate (grey diamond) and no o-c (black triangle) versus overrun [Data
compiled from Wu et al. (2019) and Chapter 2].
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Moving on to FH, a nonlinear model (Table 3.4) describes the correlation between no o°c
and FH. This correlation is also represented in Figure 3.7. The model shows an exponential decay
with three parameters, growth rate, scale and asymptote (Equation 3.2). At low nooc, FH is low.
As o oec increases slightly, FH shows an exponential increase. After that, an upper asymptote in
FH is reached. As observed in Figure 3.7, no remnant foam (0% FH) was found in samples with
Mo occ below 1200Pa.s. Samples with no stabilizer added, except sample S1A3P3 (see code in the
Table 3.2), showed exponential increase of FH, as mo o-c increased up to around 11000Pa.s. A
transition zone between 11000 and 50500Pa.s (FH ranged from 34 to 48%) was mainly observed
for samples with 0.2% stabilizer added. After that, samples with 0.4% stabilizer added, except
sample S3A1P1 (see code in the Table 3.2), presented no o°c above 53800Pa.s and a plateau in FH,
which ranged from 50 to 60%. Higher no o°c provided greater structure retention due to flow and
drainage resistance, which directly affected FH of remnant foam.

As observed in Figure 3.8A, overall, as fat destabilization extent increased FH (previously
discussed) and mo o°c (previously discussed) also increased. In other words, fat destabilization
increased no o°c Of melted matrix at 0°C and partially increased structure retention at the end of the
test.

As mix viscosity (at 50s™) increased, FH (previously discussed) and mo o°c (previously
discussed) generally increased, as observed in Figure 3.8B, although there was again significant
scatter. Increased stabilizer levels increased viscosity, which increased no o.c and FH.

In general, as overrun increased, FH (previously discussed) increased, which was mainly

in samples with no stabilizer added, and no o°c (previously discussed) increased, as observed in
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Figure 3.8C. Again, there was significant scatter in the data. Samples with higher overrun probably
had greater interactions of molecules and particles at the air/serum phase interface due to not only
thinner lamellae, but also greater volume of smaller air cells, as previously discussed.

The mo o°c explained 83 and 84% of the variability in DT and FH, respectively. In other
words, the fitted exponential models presented in Table 3.4 provided reliable correlations with
meltdown parameters in studied system. Therefore, in systems with mix formulations, process and
hardening conditions similar to the one used in this study, 1o occ measurements could be used to

replace DT and FH measurements, which could reduce time in ice cream research.

3.4.4.3 Yield Stress (6v) from Stress Growth Measurements

Yield stress (ov) is defined as minimum shear stress required to a sample initiate flow (Sun
and Gunasekaran, 2009). Moreover, oy is also referred to as transient stress, where the sample
shows elastic solid-like or viscous liquid-like behavior; this occurs in a stress interval where the
sample presents viscoelastic behavior (Sun and Gunasekaran, 2009). In ice cream and other frozen
desserts, oy has been related to the ability to dip or scoop (Briggs et al., 1996). Here, oy was related
to the ability of the ice cream matrix to drip and remain during and after, respectively, meltdown
test on the top of the screen.

The DT data predicted by oy o°c presents an exponential decay (refer to Equation 3.1), as
seen in Figure 3.9. At low ov o°c, DT was high. As ov o°c slightly increased, an exponential decay

was seen in DT. As oy oec increased, DT reached a lower asymptote, where oy o°c had little effect
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Figure 3.9 Behavior of yield stress (ov o°c) versus drip-through rate (DT) for samples with
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on DT. At oy below 2.0Pa, samples showed high DT(>1.7g.min). When oy increased to 4.0Pa,
an exponential decay was observed in DT, mainly in samples with no stabilizer added. Above
4.0Pa, except samples S1IA2P3 and S1A3P3 (see codes in Table 3.3), most samples presented a
plateau with DT below 0.3g.min’. In general, the greater oy, the greater stress required to initiate
flow, and the lower DT. A nonlinear model is presented in Table 3.4 to describe correlation
between oy occ and DT, which is also represented in Figure 3.9.

In general, as fat destabilization increased, DT (previously discussed) decreased and ov o°c
generally increased, as showed in Figure 3.10A. The relationship between fat destabilization and
ov is due to structured fat globules through lamellae, which provide elastic properties to the melted
matrix that require more force to initiate flow. In addition, other factors, such as mix viscosity,
overrun, among others, as well as their intrinsic array arrangement with the network of destabilized
fat globules (fat destabilization), should also affect ov o°c, which might explain the outliers in
Figure 3.10A. Therefore, higher fat destabilization generally decreased DT (Table 3.2) and
strongly affected oy o-c (Chapter 2).

As mix viscosity (at 50s?) increased, DT (previously discussed) decreased and ov ooc
generally increased (Figure 3.10B), although with significant scatter in the data. The correlation
between mix viscosity (at 50s) and oy o-c was probably related to increased concentration of LBG
and carrageenan in formulations. These polysaccharides were reported to present yield stress in
emulsions (Turquois et al., 1992). Thus, increased mix viscosity led to increased oy and decreased
DT in samples.

Generally, as overrun increased, DT decreased (previously discussed) and ov o-c increased

(Figure 3.10C), although significant scatter was observed. The relationship between overrun and
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ov is probably related to greater interactions of components at the air cell/serum phase interface in
samples with greater volume of smaller air cells (as previously discussed). This interaction could
lead to strengthening of elastic behavior, which required greater force to initiate flow. Therefore,
higher overrun increased ov o°c and decreased DT to some extent.

Moving on to FH, a nonlinear model, shown in Table 3.5, was used to depict the
relationship between oy o°c and FH, which is also illustrated in Figure 3.11. This correlation was

well explained by a Michaelis Menten type model that had two parameters:

FH = (a ' Oy 0°C)/(b (34)

+ 0y o°c)

Here, a is maximum reaction rate and b is inverse affinity.

At low oy occ, FH was low. As oy o°c increased slightly, a strong increase in FH was seen.
Then, as oy o°c increased further, FH slowly reached a plateau. When oy was below 2.0Pa, samples
showed no remnant foam at the end of the meltdown test (FH=0%). When oy increased to 4.0Pa,
an exponential increase in the FH was observed in samples with no stabilizer added, except
samples S1A2P3 and S1A3P3 (refer to codes in the Table 3.3). Between 4.0 and 27.0Pa, samples
with 0.2% stabilizer added, except samples S2A2P3, S2A3P3 and S3A1P1 (refer to codes in Table
3.3), presented a less marked increase in remnant foam. Above 27.0Pa, a relative plateau was
observed in FH between 44.0 and 60.0%. Therefore, the greater ov, the greater stress required to
initiate the flow, the greater FH, and the greater remnant structure at the end of the meltdown test.

As illustrated in Figure 3.12A, generally, as extent of fat destabilization increased, both FH
(previously discussed) and oy oc (previously discussed) increased. A network of

partially-coalesced fat globules increased the oy of the matrix and remnant structure at the end of
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Chapter 2]. Line is fitted Michaelis Menten model.
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Figure 3.12 (A) Final Height (hollow circle) and oy o.c (black square) versus extent of fat
destabilization; (B) Final Height (hollow triangle) and ov o°c (black circle) versus mix viscosity (at
50sY); (C) Final Height (hollow diamond) and ov o-c (black triangle) versus overrun [Data
compiled from Wu et al. (2019) and Chapter 2].
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the test. Other components, such as mix viscosity, overrun, among others, and their role in the
intrinsic arrangement could have also affected oy o°c, Which led to the outliers observed in Figure
3.12A.

As observed in Figure 3.12B, as mix viscosity (at 50s™) increased, FH (previously
discussed) and ov o°c (previously discussed) both generally increased, although there was
significant scatter in the data. Higher mix viscosity provided greater oy, which directly affected
FH and the height of the remnant structure. Here, the scatter data also means that other components
and their arrangement in the matrix affected the relationship between mix viscosity (at 50s?) with
oy occ and FH.

Overall, as observed in Figure 3.12C, higher overrun led to higher FH (previously
discussed), mainly in samples with no stabilizer added, and higher oy o°c (previously discussed).
The higher mix viscosity probably overlapped the mechanical role of overrun in the oy o°c of the
matrix. Consequently, mechanical performance of the matrix in FH was also affected. Thinner
lamellae in samples with higher overrun probably led to greater interactions of structural
components at the air/serum phase interface, which also presented smaller air cells, as previously
discussed. Here again, the scatter data is probably due to other components and their arrangement
in the matrix that affected relationship between overrun with FH and oy o°c.

In our previous work (Chapter 2), although the structural arrangement showed different
responses due to the distinct inputs, such as constant shear rate (from oy o°c measurements) and
constant stress load (from o o°c measurements), the linear correlation between Mo o°c and cv oec
(R2=0.94, p<0.0001) was used to validate the observed yield stress. The DT predicted by 1o o°c
and oy o°.c showed asymptotes close to each other (Table 3.4). The scale and growth rate for DT

predicted by mo o.c Were lower and higher, respectively, compared to DT predicted by ov o-c.
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Moreover, although different model types were used to predict FH by noo°c (Table 3.4) and oy o°c
(Table 3.5), both presented a direct correlation with FH. Furthermore, fat destabilization, mix
viscosity and overrun showed visually similar trends in DT (Figure 3.10) and FH (Figure 3.12).
DT and FH were well explained by oy o°c, which predicted 85 and 82% of variability,
respectively. This is relatively high for a biological system such as ice cream (Tables 3.4 and 3.5,
respectively). Thus, oy occ measurements could be a good alternative to DT and FH measurements
from meltdown test; this could increase the knowledge of physical attributes of ice cream during

melting.

3.4.4.4 Thixotropy from Flow Measurements (Shear Rate Ramp)

As reported in a previous chapter (Chapter 2), melted ice cream samples showed time
dependence in flow sweep tests. Moreover, rheological destruction was also observed after the
melted matrix was subjected to upward and downward shear rate sweeps; that is, the sample did
not recover its initial structure. Therefore, a flow ramp test was used to evaluate time dependence
using large deformations and the thixotropic loop between upward and downward shear rate ramps
was used to empirically evaluate rheological destruction. In other words, greater rheological
destruction presented by a sample suggests greater initial structure.

The nonlinear model (Table 3.4) described the correlation between Thix ¢ccand DT, which
was also represented in Figure 3.13. The model shows an exponential decay and three parameters,
growth rate, scale and asymptote (refer to Equation 3.1). DT was high at low Thix ¢-c, followed by
an exponential decay as Thix o-c slightly increased. After that, DT reached a lower asymptote, as

Thix o=c increased further. Samples with Thix o-c measurements below 300Pa.s showed high DT.
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controlled mix viscosity, overrun and extent of fat destabilization [Data compiled from Wu et al.
(2019) and Chapter 2]. Line is fitted exponential model.
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When Thix o-c increased to 410Pa.s™* in samples, an exponential decay was observed in DT, which
occurred mainly in samples with no stabilizer added in formulation. Samples with Thix ¢°c above
410Pa.s?, except sample STA3P3 (see code in Table 3.3), presented a plateau in DT, which ranged
from 0.1 to 0.3g.min. Therefore, higher Thix ¢-c, or greater rheological destruction, indicated
greater structural formation and lower DT.

Overall, as fat destabilization extent increased, DT (previously discussed) decreased and
Thix oec increased, as illustrated in Figure 3.14A. This correlation between fat destabilization and
Thix o-c was probably due to disruption of a 3-D network of fat globules through the lamellae
(Chapter 2). In other words, greater strength of fat globule network led to greater Thix o-c
measurements (Table 3.3). Therefore, greater strength of fat globule network generally decreased
DT and increased Thix ¢.c. The outliers observed in DT and Thix o=c were probably due to the
influence of other factors, such as mix viscosity, overrun, among others, in the mechanical
behavior of the matrix.

As observed in Figure 3.14B, higher mix viscosity (at 50s™) led to lower DT (previously
discussed) and higher Thix oec, although the data were fairly scattered. The relationship between
mix viscosity and Thix o-c was due to the greater concentrations of LBG (Dolz et al., 2007), guar
gum (Javidi et al., 2016) and iota carrageenan (Thomas, 1997) in the stabilizer system of this study,
as reported in previous work (Chapter 2). These polysaccharides present thixotropic behavior in
emulsions or suspensions. The levels used (0.2 and 0.4%) were sufficient to increase mix viscosity
and thixotropic behavior in respective mixes (data not shown here). Moreover, it is worth recalling
that correlations between mix viscosity and fat destabilization were found. Therefore, mix
viscosity increased Thix ¢oc of ice cream, which increased structural resistance, and hence,

decreased drainage and DT (Figure 3.14B).
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Figure 3.14 (A) Drip-through rate (grey circle) and Thix o°c (black square) versus extent of fat
destabilization; (B) Drip-through rate (grey triangle) and Thix oc (black circle) versus mix
viscosity (at 50s); (C) Drip-through rate (grey diamond) and Thix o-c (black triangle) versus
overrun [Data compiled from Wu et al. (2019) and Chapter 2].
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Overall, as illustrated in Figure 3.14C, higher overrun led to lower DT (previously
discussed) and higher Thix o°c, although there was very wide scatter in the data points. Ice cream
samples with higher overrun presented larger number of smaller air cells (previously discussed)
and thinner lamella, which provided larger surface area at air/serum phase interface and greater
interactions of components through the lamellae. An increase of air phase structure, which also
showed correlation with fat destabilization (previously discussed), led to greater Thix ¢-c values.
Interestingly, except samples SIA1P3-S1A3P3 (see codes in Table 3.3), overrun showed more
influence on Thix o°c in samples with no stabilizer added in formulation. The same was observed
for DT (Table 3.2). Thus, overrun presented more influence on DT and Thix ¢-c in samples with
no stabilizer added in formulation.

Moving on to FH, a nonlinear model was used to describe the correlation between ThiXx o-c
and FH (Table 3.4), which is also represented in Figure 3.15. An exponential decay model with
three parameters, growth rate, scale and asymptote (refer to Equation 3.2) was fitted to the data.
At low Thix oec, low FH was seen. As Thix ooc slightly increased, FH showed an exponential
increase. Then, FH increased at lower rate and reached an upper asymptote, as Thix ¢°c increased
further. No remnant foam (0% FH) was found in samples with Thix o-c below 300Pa.s™%. Samples
with no stabilizer added, except samples SIA2P3 and S1A3P3 (see codes in the Table 3.2),
presented exponential increase in FH as Thix o-c increased from 300 to 390Pa.s™. A less
pronounced increase in FH between 390 and 1000Pa.s™* was mainly observed for samples with
0.2% stabilizer added. Above 1000Pa.s*, which included mainly samples with 0.4% stabilizer
added, a levelling off in FH was reached, which ranged from 44 to 60%. Samples with higher
Thix ooc presented greater structural disruption, which directly increased FH of remnant structure

at the end of the meltdown test.
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In general, as observed in Figure 3.16A, higher fat destabilization extent led to higher FH
(previously discussed) and Thix ooc (previously discussed). Fat destabilization (Table 3.1)
influenced FH less than Thix o°c, as can be seen in Tables 3.2 and 3.3, respectively. Again, other
components, such as mix viscosity, overrun, among others, and their arrangement probably
influenced FH and Thix o-c, which led to outliers observed in Figure 3.16A.

As observed in Figure 3.16B, higher mix viscosity (at 50s™) led to higher FH (previously
discussed) and Thix o.c (previously discussed), but with some scatter in the data. Mix viscosity
(Table 3.1) strongly affected FH and Thix o°c, as observed in Tables 3.2 and 3.3, respectively.

Overall, as illustrated in Figure 3.16C, increased overrun led to a slight increase of FH
(previously discussed) and Thix o-c (previously discussed), mainly in samples with no stabilizer
added in formulation. Here, mix viscosity also overlapped the mechanical role of overrun in the
matrix, and hence, FH and Thix oec values. Therefore, more scattered data were observed in FH
and ThiX o-c.

Finally, 90 and 87% of variability in DT and FH were explained by Thix o-c (Table 3.4),
respectively, which were relatively high considering the biological origin of ice cream ingredients.
These were the best fitted models in this study. Thus, Thix oec could be a promising parameter for

correlations not only with DT and FH, but also with other meltdown parameters.

3.5 Conclusions

In conclusion, all of the measured rheological properties of ice cream correlated reasonably
well with meltdown parameters. G’o°c gave good correlations with DT and FH, although not as
good as some of the other rheological parameters. This suggested that the elastic nature of the

structural arrangement in the melted ice cream matrix is important, but other mechanical
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Figure 3.16 (A) Final Height (hollow circle) and Thix oec (black square) versus extent of fat
destabilization; (B) Final Height (hollow triangle) and Thix ooc (black circle) versus mix viscosity
(at 50s); (C) Final Height (hollow diamond) and Thix o-c (black triangle) versus overrun [Data
compiled from Wu et al. (2019) and Chapter 2].
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parameters are needed to better explain behavior of DT and FH in meltdown test. Variability of
DT and FH were well explained by no o°c. The value of no o°.c provided insights on the viscous
behavior of the matrix at low shear rate, which is important in both the drip during the meltdown
test, DT, and structure retention after the test, FH. ov o°c, which represents the force needed for the
melted ice cream to yield, also explained well both DT and FH. Correlations of 1o o°c and ov o°c
with meltdown parameters showed similar trends as well as correlations of structural components
with noo°c and ov o°c also showed similar trends. These observations validated oy ¢°.c measurements
observed in our previous work (Chapter 2). The rheological parameter, Thix ¢-c, was the best to
explain DT and FH. The greater initial structural formation observed in the melted matrix was
highly related for DT and FH measurements in meltdown test. Thus, the thixotropic loop of melted
ice cream is a promising parameter for correlating with DT and FH in ice cream melt tests, which
could improve our knowledge of the physical properties of ice cream. Last, mix viscosity, extent
of fat destabilization and overrun are important components in the structural arrangement of the
ice cream matrix, which influence not only the mechanical behavior during the drip, but also of

the structure retention after the meltdown test.
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Table 3.1 Means and standard errors for viscosity (mix viscosity at 50s%), overrun, extent of fat destabilization (FD), air cell and ice
crystal sizes of the ice creams with controlled structural formation. One-way ANOV A and Tukey’s HSD (o= 0.05) tests were performed

to determine significant difference within the data. Source: Wu, Freire and Hartel (2019) and Chapter 2.

. L ) . Ice Crystal
. Air Viscosity Overrun FD Air Cell Size .
Stabilizer! Flow PS80  Code (mPas) (%) (%) (um) (ilrzne)
0%  S1A1P1| 22.0£0.3%A | 50.1+0.8%3A | 10.1+2.0%3A | 22.441.1XYDA | 285+1 7%3A
8L.hY 0.015% S1A1P2| 24.4+0.5%A | 49.0+0.5%3A | 11.2+1.8%aA | 24.3+1.4YPA | 33.9+0.2Y2A
0.03% S1A1P3| 21.7#0.8%A | 50.7+£0.3%3A | 48.1+10.9Y*A | 18.1+1.0%PA | 32.3+0.5%XY2A
0%  S1A2P1| 22.0£0.3%A | 75.9+0.6%PA | 17.6+0.6%PA | 18.3+1.5%®A | 31.6+0.5%3A
0% 11L.hY 0.015% S1A2P2| 24.4+0.5%A | 74.6+0.7%PA | 21.8+1.5%PA | 20.1+1.1%%®A | 358+0.1Y P8
0.03% S1A2P3| 21.7+0.8%A | 75.0+0.4%PAB | 65745 7Y2A | 16.1+0.5%3A | 354+0.6Y A
0%  S1A3P1| 22.0+0.3%A | 99.0+0.5%¢A | 27.7+£0.9%¢A | 16.0+1.0%2A | 31.0+0.3%Y2A
15L.h"? 0.015% S1A3P2| 24.4+0.5%A | 100.4+0.9%¢A | 28.2+42.2%bA | 16.2+1.1%3A | 33.440.6Y2A
0.03% S1A3P3| 21.7+0.8%" | 99.4+0.8%¢A | 73.9+4.5V2A | 11.8+1.7%2A | 29.8+1.0%a4
0%  S2A1P1| 88.6+3.4%B | 49.8+0.4%aA | 14.6+£1.7%*A | 30.1+0.2Y¢C | 31.9+0.5%2A
8L.hT 0.015% S2A1P2| 95.740.9%B | 50.0+0.7%*A | 14.3+3.5%3A | 24.8+0.3%PA | 37.7+0.8Y:"B
0.03% S2A1P3| 89.4+3.3%B | 50.2+0.4%*A | 46.6+6.1Y2A | 24.4+0.3%¢B | 33.,1+0.5%2A
0%  S2A2P1| 88.6+3.4%B | 75.4+0.5%PA | 248+1.1%PB | 246+0.3Y2E | 326+1.1%3A
0.2% 11L.h? 0.015% S2A2P2| 95.7+0.9%B | 74.8+0.5%PA | 227+4.7%3A | 20.5+0.7%3A | 38.2+0.2Y:PC
0.03% S2A2P3| 89.4+3.3%B | 75.8+0.3%PB | 57.2+35YaA | 188+0.7%PB | 33.2+1.0%3A
0%  S2A3P1| 88.6+3.4%B | 100.240.5%¢A | 35743.0%¢B | 26.940.42PC | 32.1+0.5%2A
15L.h7 0.015% S2A3P2| 95.7+0.9%B | 98.8+0.5%¢A | 429+35%PB | 18.3+1.0VaA | 33.0+0.7%3A
0.03% S2A3P3| 89.4+3.3%B | 99.4+0.6%°* | 69.5+3.0Y"A | 13.9+0.7%*A | 33.440.3%2A8
0%  S3A1P1| 264.245.3%C | 50.3+0.4%3A | 38.3+3.2%38 | 26.8+0.5%¢B | 32.9+0.2%PA
8L.hY 0.015% S3A1P2| 290.4+2.1YC | 50.3+0.3%aA | 51.6+2.2Y*B | 253+0.7%PA | 31.9+0.3%PA
0.03% S3A1P3| 288.2+1.4YC | 51.2+0.8%3A | 46.1+2.4XY3A | 253+0,7%2B | 37.1+0.9Y2B
0%  S3A2P1| 264.2+5.3%C | 754+0.5%PA | 53.3+1.7%PC | 23.2+0.4%PB | 30.7+0.4%3A
0.4% 11L.h? 0.015% S3A2P2| 290.4+2.1YC | 75.0+0.5%PA | 58.8+1.6%%B | 22.8+0.4%3A | 29.5+0.4%3A
0.03% S3A2P3| 288.2+1.4YC | 74.3+0.4%PA | 56.1+1.7%PA | 23,0+£0.5%2C | 35.3+0.7Y2A
0%  S3A3P1| 264.2+5.3%C | 100.4+1.3%¢A | 65.9+1.7XYcC | 21.1+0.4%2B | 32,0+0.3XPA
15L.h"? 0.015% S3A3P2| 290.4+2.1YC | 99.2+0.1%¢A | 57.9+3.7%aC | 24.4+0.3Y®8B | 37.0+0.2YcB
0.03% S3A3P3| 288.2+1.4YC | 99.3+0.6%%" | 71.6+1.6V°" | 22.4+1.0%Y2B | 36.6+1.3Y2E

Legend: Stabilizer is a commercial blend that includes locust bean gum, guar gum and carrageenan. * ¥+ # denote significant differences
among ice cream with different levels of polysorbate 80. * ¢ denote significant differences among ice cream with different levels of air
flow. A B € denote significant differences among ice cream with different levels of stabilizer.
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Table 3.2 Means and standard errors for meltdown parameters (drip-through rate and final height) of the ice creams with controlled
structural formation. One-way ANOVA and Tukey’s HSD (a = 0.05) tests were performed to determine differences within the data.

Source: Wu, Freire and Hartel (2019).

Drip-Through Rate Final Height

- .
Stabilizer Air Flow PS80 Code (g.mind) (%)

0% S1A1P1 1.63+0.02%2A 0.0£0.0%2A

8L.h? 0.015% S1A1P2 1.79+0.07%2A 7.7+1.2Y2A

0.03% S1A1P3 1.00+0.11Y2A 13.142.4%2A

0% S1A2P1 0.82+0.01%bA 16.4+0.9%bA

0% 11L.h? 0.015% S1A2P2 0.82+0.02%bA 17.8+1.1%bA
0.03% S1A2P3 0.60+0.04">A 19.7+1.5%aA

0% S1A3P1 0.73+0.02%cA 34.4+0.8%cA

15L.ht 0.015% S1A3P2 0.65+0.01%cA 38.2+1.8%V.cA

0.03% S1A3P3 0.47+0.04YbA 40.2+1.6"PA

0% S2A1P1 0.21+0.01%28 25.5+1.6%28

8L.h? 0.015% S2A1P2 0.19+0.01%28 30.0+2.0%28

0.03% S2A1P3 0.22+0.01%28 42.2+1.8"28

0% S2A2P1 0.25+0.00%>8 36.1+2.6%bB

0.2% 11L.h? 0.015% S2A2P2 0.25+0.00%b8 34.046.2%28
0.03% S2A2P3 0.24+0.00%>8 44.0+1.0%28

0% S2A3P1 0.25+0.00%b8 48.2+1.8%cB

15L.h1 0.015% S2A3P2 0.24+0.00%>8 34.443.5Y2A

0.03% S2A3P3 0.24+0.00%b8 50.6+1.3%bB

0% S3A1P1 0.1040.01%2C¢ 45.342.1%aC

8L.h? 0.015% S3A1P2 0.07+0.00Y2B 57.8+1.4Y2C

0.03% S3A1P3 0.08+0.00Y2B 57.7+2.7VAC

0% S3A2P1 0.1440.01%2C¢ 52.2+1.8%bC

0.4% 11L.h? 0.015% S3A2P2 0.09+0.00Y:b:€ 54.7+0.6%2C
0.03% S3A2P3 0.09+0.00Y-2¢ 59.940.9%2¢

0% S3A3P1 0.13+0.02%2¢ 52.7+1.0%bB

15L.h 0.015% S3A3P2 0.07+0.01Y2¢ 57.0+1.7%28

0.03% S3A3P3 0.08+0.002¢ 59.142.2¥AC

Legend: Stabilizer is a commercial blend that includes locust bean gum, guar gum and carrageenan. % :# denote significant differences
among ice cream with different levels of polysorbate 80. & ® ¢ denote significant differences among ice cream with different levels of air
flow. A B € denote significant differences among ice cream with different levels of stabilizer.
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Table 3.3 Means and standard errors for rheological parameters measured at 0°C, storage modulus (G’e-c), residual viscosity from the
six-element model (noo-c) in creep data, yield stress from stress growth (ov o°c) and thixotropy (Thix ¢.c) from flow ramp. One-way
ANOVA and Tukey’s HSD (a = 0.05) tests were performed to determine difference within the data. Source: Chapter 2.

Stabilizer! yét'gm PS80 Code G'oc(kPa) mooc(kPas) ovec(Pa)  Thix (Pas?)
0% SIALPL] 0.1620.015%A | 1.19%0.115%A | 2.3%0.2%*A |  303%4%A

LN 0.015% SIALP2| 017+0.01%%A | 2.07+0.25%%A | 2.0401%%A |  317+4XaA

0.03% SIA1P3| 0.25+0.02Y4A | 558+0.33V4A | 3.040.2VA |  347+7YaA

0% SIA2P1|0.16£0.01X®A| 1.99+017%%A | 24+0.2XaA | 334+4XbA

0%  11L.h? 0.0150% SIA2P2| 0.18+0.01%A | 2.98+0.23%%A | 31+0.2XbA |  34145XbA
0.03% SIA2P3|0.44+0.08Y0A| 10.03+153Y3A | 6.741.2%A |  411+14%eA

0% SIA3P1| 0.200.02%0A | 500+050XPA | 3.3+0.3%bA |  376+11XcA

15" 0.015% SIA3P2| 0.27+0.04X0A | 7.4140.68X0A | 41+0.3XCA |  388+7%cA

0.03% S1A3P3| 1.81+0.67V5A | 45.49+13.87Y0A | 26.9+8.1Y0A |  680+117Y4A

0% S2AIP1| 0.28%0.02%%A | 11.02£0.88%%8 | 4.0£0.4<%A |  434%13%3A

8L 0.015% S2A1P2| 0.26+0.03%%A | 10.68+1.16%A | 4.6+0.4%aA |  454+36XaB

0.03% S2AIP3| 1.6640.32Y48 | 50.55+2.96748 | 20.4+2.8Y48 |  795426Y8

0% S2A2P1| 0.58+0.04X08 | 2123+170%b8 | 8541 %A |  527+24Xab8

020  11L.h7T 0.015% S2A2P2| 0.40+0.06%%A | 18.58+147X08 | 87+0.3%PA |  534+31%a8
0.03% S2A2P3| 2.84+0.19%0C | 04.44+6.31Y58 | 34.0+4187%8 | 1059444728

0% S2A3P1| 0.87+0.03%C8 | 41.604423%8 |13.342.0%PA|  620+40X08

15001 0.015% S2A3P2| 0.72+0.10%bA | 30.5142.41X¢A | 11.440.9%A |  §80+30%b8

0.03% S2A3P3| 3.46+0.29Y58 |13317+15,33V8 | 53846458 |  1305+114Y58

0% S3ALPL| 0.61£0.06%8 | 34.5743.73%3C | 19,542,648 |  909£85%B

8L.h1 0.015% S3ALP2| 0.09+0.15%38 | 53.80+4.83%8 | 35642548 |  1261450YC

0.03% S3A1P3| 0.81+0.09%4A | 60.08+14,32X48 | 28.742.0%4C | 1024+121%a8

0% S3A2P1| 1.26+0.08%°C | 66.60+3.23X0C [31.043.9%®8|  1065+46XC

04%  11Lh1 0.015% S3A2P2| 1.69+0.10¥58 | 75.05+357%4C | 30.3+4.1%%B |  1415459YC
0.03% S3A2P3|1.4240.15V58| 78.06+5.90%®8 | 32141 8%38 | 1365+111Y4C

0% S3A3P1| 1.60+0.08%°C | 84.3045.98X°C | 40.6+4.9%b8 |  1250+65X5C

15L.h1 0.015% S3A3P2| 1.88+0.21%PB [113.15+13.91%P:B| 43,0+£3.7%aB 1418+61%aC

0.03% S3A3P3|1.96+0,14%<A8 | 113 53+0.21X08 | 53.8+54%08 |  1340+04%28

Legend: Stabilizer is a commercial blend that includes locust bean gum, guar gum and carrageenan. * :# denote significant differences
among ice cream with different levels of polysorbate 80. & ® ¢ denote significant differences among ice cream with different levels of air
flow. A B € denote significant differences among ice cream with different levels of stabilizer.
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Table 3.4 Parameter estimates and coefficients of determination (R?) for three term exponential models (n=27), in which rheological
parameters measured at 0°C, storage modulus (G’e-c), residual viscosity from the creep data fitted by six-element model (noo-c), yield
stress from stress growth (ov o°c) and rheological destruction from up and down flow ramp (Thix o-.c from FR). from the oscillatory
thermo-rheometry (OTR), creep/recovery, stress growth and flow ramp measurements.

Y X Coefficients R?
(Meltdown Parameters) (Rheological Parameters) a b c
Drip-Through Rate (g.min™) G’o-c (Pa) from OTR 0.19" 7.40 -1.2E-02™ 0.73
Final Height (%) G’oec (Pa) from OTR 51.93"™ -63.87"" -3.1E-03" 0.75
Drip-Through Rate (g.min) noo°c (Pa.s) from Creep 0.177 1.677 -1.9E-04™" 0.83
Final Height (%) no o.c (Pa.s) from Creep 54.38"" 44,717 -4.4E-05"" 0.84
Drip-Through Rate (g.min™) | oy oec (Pa) from Stress Growth 0.19™ 8.18" -8.1E-01"" 0.85
Drip-Through Rate (g.min) Thix oec (Pa.s™) from FR 0.177 198.99 -1.6E-02" 0.90
Final Height (%) Thix oec (Pa.s™) from FR 55.42"" -132.68™ -3.6E-03™" 0.87

Legend: “a” is asymptote, “b” is scale and “c” is growth rate from three term exponential (TTE) models.
*pChiSquare<0-05, - Pchisquare <0.01; o Pchisquare <0.001.

Table 3.5 Parameter estimates and coefficients of determination (R?) for three term exponential models (n=27), in which rheological
parameters measured at 0°C, , storage modulus (G’e-c), residual viscosity from the creep data fitted by six-element model (noo-c), yield
stress from stress growth (cy o-c) and rheological destruction (Thix ¢-c). from the oscillatory thermo-rheometry (OTR), creep/recovery,

stress growth and flow ramp measurements.

Y X Coefficients R?
(Meltdown Parameters) (Rheological Parameters) d e
Final Height (%) oy oec (Pa) from Stress Growth 63.8"" 747 0.82

Legend: “d” is maximum reaction rate and “e” is inverse affinity from Michaelis Menten model.
p(ChiSquare <0.05, " pchisquare <0.01; ~ pchisquare <0.001.
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Chapter 4

4 Effects of Structural Elements, Compositional and Physical Parameters on Melting

Behavior and Rheological Properties of Commercial Ice Cream Products
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4.1 Abstract

Effects of formulation, process and storage conditions on ice cream structure and sensory
properties were studied in previous work. Moreover, effects of structural properties on rheological
and meltdown properties as well as correlations between rheology and meltdown behavior of ice
creams with controlled structural formation were also studied. However, effects of structural
properties on rheology as well as correlations between rheology and meltdown properties of
commercial ice cream products have not yet been studied. Thus, fifteen full fat commercial ice
cream products from the United States were analyzed for total fat, total solids, mix density,
overrun, extent of fat destabilization, air cell size, ice crystal size and drip-through (DT) rate. Fat
destabilization was the main structural component to influence DT as well as rheological
parameters, such as storage modulus (G’), residual viscosity (no) from six-element model
(generalized Kelvin-Voigt model with six elements fitted in creep data) and yield stress (oy), at 0
and 20°C. Other structural parameters, such as overrun, air cell size, total solids and mix density,
depending on conditions, also affected DT and rheological properties. Between DT and rheological
parameters (G’o°c, no o°c and oy o°c), an exponential decay was generally observed for both data of
commercial samples and previous models proposed for ice creams with controlled structural
formation. Finally, from the observed data for commercial samples and the model suggested from
previous work, it is suggested that G’o.c was a satisfactory rheological parameter to predict DT of

ice cream products.
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4.2 Introduction

The ice cream matrix is, at the same time, an emulsion, dispersion and foam (Cook and
Hartel, 2010). Structural elements, such as ice crystals, partially-crystalline emulsified fat globules
(individual and clustered globules) and air cells, are dispersed in an unfrozen serum phase (Goff
and Hartel, 2013). Those structural components greatly depend on the formulation, process
(Warren and Hartel, 2014), hardening and storage conditions (Chang and Hartel, 2002a).

The nature and intricate arrangement of these structural elements directly affect the
meltdown and rheological properties of the ice cream matrix. In fact, the rheological behavior of
ice cream is mainly governed by the ice phase (Goff et al., 1995; Granger et al., 2005; Shama and
Sherman, 1966; Wildmoser et al., 2004), although the other structural elements can also affect the
rheological behavior of both ice cream and melted foam (Goff et al., 1995; Goff and Hartel, 2013).

In previous work, Wu et al. (2019) made ice cream with different mix viscosity, fat
destabilization and overrun, and explored the melting behavior of the ice cream, while the effects
of those same structural components on rheological properties were studied in another work
(Chapter 2). The correlation between rheological and meltdown properties was also previously
studied (Chapter 3). Moreover, Warren and Hartel (2014) characterized the wide range of
microstructure, behavior and sensory properties of full fat, low fat and nonfat commercial ice
cream products. However, the meltdown and rheological properties as well as their correlation in
commercial ice cream products have not yet been studied.

In this context, a combination of oscillatory, transient and rotational rheological
measurements at different temperatures can provide substantial information about the structure
and melting behavior, as well as confirm the results of one test with another. This study aimed to

evaluate the effects of structural elements, compositional and physical parameters on the melting



138

behavior and rheological properties of commercial ice cream products. Last, the study was
restricted to full fat ice cream since the wider variety of formulations could make the interpretation

of the rheological data even more complex.

4.3 MATERIALS AND METHODS
4.3.1 Materials

Fifteen different full fat ice cream products (vanilla flavor) were purchased from 4 local
grocery stores in Madison, Wisconsin, USA. Samples included 2 types of ice cream sandwiches
and 13 full fat ice creams (>10% milkfat content). Three samples from the same lot were purchased
of each brand. The samples were stored at -28.9°C until analysis. Prior to analysis, samples were
equilibrated at -20°C for at least 12 hours. Samples were analyzed in triplicate and at random.

Specific formulations, process and storage conditions of each product were unknown.

4.3.2 Compositional, Physical and Structural Measurements (Structural Components)
4.3.2.1 Fat content
Total fat was measured using the Mojonnier Extraction Method (adapted from AOAC

Method 989.05).

4.3.2.2 Total solids
Total solids were measured by microwave method using the “Ice Cream Mix Application”
in the CEM SMART System 5 Microwave Moisture/Solids Analyzer (CEM Corporation,

Matthews, N.C., U.S.A)).
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4.3.2.3 Ice cream mix density
Ice cream mix density was calculated according to Equation 4.1, which utilizes fat content

and total solids (Hui, 2006):

[ Wt. ] (Wt. per liter of water) @1

Pumix —|T To 0 : 0 0 .

L mix % fat % total solids % Fat % Water
[To0-*1.07527+ (g0 To0-) <0-6329+ 50|

4.3.2.4 Overrun

Overrun was calculated using the volume displacement method (Archimedes’ Principle),
according to (Clarke, 2004). The method was also detailed in the previous work by Warren and

Hartel (2014).

4.3.2.5 Particle/Fat Globule Size Distribution

Particle size distribution of the melted ice creams was obtained by laser light diffraction
and light scattering using the Malvern Mastersizer 2000 (Malvern Instruments Ltd.,
Worcestershire, United Kingdom). Two to four drops of melted ice cream (4°C) were loaded into
the cell to obtain obscuration values between 13 and 15%. The refractive indexes of 1.33 and 1.47
were set for the dispersant (deionized water) and dispersed phase (milk fat). Absorbance was set
at 0.01.

In general, the extent of fat destabilization is obtained by comparing the peak of initial
emulsion from ice cream mix curve to the peak of destabilized fat from melted ice cream curve
(Bolliger et al., 2000). As described by Warren and Hartel (2014), some assumptions were made
to obtain the extent of destabilized fat since the ice cream mixes were not available in this study.

Sample 129 is used as example for a typical particle size distribution curve of the commercial
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samples in Figure 4.1. The peak between 0.1-0.3um represents the casein micelles. The extent of
fat destabilization was calculated by dividing the percent volume of the destabilized fat peak,
which is the third peak (beginning around 5 um), by the total percent volume of fat particles, which
is the initial emulsion peak (second peak between 0.3-5 um) plus the destabilized fat peak (third

peak).

4.3.2.6 Air Cell Size Distribution

Air cell size analysis was performed at -6°C in a temperature controlled, insulated glove
box as described by Chang and Hartel (2002b). Images were taken using a solid state camera (Cohu
Eletronics Div., San Diego, CA, USA) attached to an optical light microscope (Optiphot, Nikon,
Inc., Garden City, NY, USA), and recorded using OPTIMAS software (OPTIMAS v6.1, Optimas
Corp., Meyer Instruments Inc., Houston, Tex. U.S.A.). Six images approximately were taken at
40x magnification to ensure at least 300 air cells were counted from each container. Air cells were
analyzed using Image Pro Plus software (Image Pro Plus 7.0, Media Cybernetics, Inc., Rockville,

MD, USA) and results were collected in a Microsoft Excel spreadsheet.

4.3.2.7 Ice Crystal Size Distribution

Ice crystal analysis was carried out at -15°C in a temperature controlled, insulated glove
box, as described by Donhowe et al. (1991). Images were taken using a solid state camera (Cohu
Eletronics Div., San Diego, CA, USA) attached to an optical light microscope (Optiphot, Nikon,
Inc., Garden City, NY, USA), which had a 30W LED light system, and recorded using OPTIMAS

software (OPTIMAS v6.1, Optimas Corp., Meyer Instruments Inc., Houston, Tex. U.S.A.). Fifteen
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41 Casein Initial
35 + Micelles  Emulsion
3 4

Destabilized Fat

Volume (%)
N

0.01 0.1 1 10 100
Particle Size (um)

Figure 4.1: Particle size distribution of sample 129 used as example of melted ice cream products.
Casein micelle peak between 0.1-0.3 pum, initial emulsion peak between 0.3-5 pm, and destabilized
fat peak beginning around 5 pm.
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images approximately were taken at 40x magnification to ensure at least 300 ice crystals were
counted from each container. Ice crystals were traced using Microsoft Softonic Paintbrush for Mac.
Then, traced images were analyzed using Image Pro Plus software (Image Pro Plus 7.0, Media
Cybernetics, Inc., Rockville, MD, USA) and results were collected in a Microsoft Excel

spreadsheet.

4.3.3 Drip-Through Rate

Slabs of ice cream weighing approximately 80g (dimensions varied slightly from each
other due to the different overruns) were cut into cylindrical shape from the center of ice cream
containers (pints). The meltdown tests were performed at ambient temperature (22.3+0.3°C).
Samples were placed on a metal screen (3holes.cm™) supported by a metal ring. The melted ice
cream dripped through the screen and was collected in a 1000mL beaker, which was placed on a
scale (Pioneer™, Ohaus, Pine Brook, NJ, USA). The weight was recorded for 2 hours. In addition,
pictures were taken during the test every minute for visual comparisons. The weight (g) of the
melted ice cream on the scale was plotted as a function of time (minutes). The slope of the linear
part of the curve was obtained as the drip-through rate (Bolliger et al., 2000).

Preparation of ice cream sandwiches for the meltdown test: First, wafers were removed
and discarded from the ice cream sandwiches before the test. Three ice cream portions, which
weighed approximately 80 g in total, from 3 sandwiches were placed as a stack on metal screen
for the test. Surface area of the 3 rectangular bars stacked (around 161 cm?) was inside the surface
area range of cylindrical samples (from 139 to 195 cm?) in this study. A pretest was performed by
comparing drip-through of an ice cream (pint) that was cut in both cylinders and standard

rectangular bars (mimicking the ice cream portion from sandwiches). The drip-through rate of the
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stack of ice cream bars (1.69+0.14 g.mint) was similar to the ice cream cylinder
(1.53+0.17 g.min™); thus, the modified test for sandwich shapes was considered comparable to

other products

4.3.4 Rheological properties of Commercial Ice Cream Products

The rheological properties of commercial ice cream products were measured using a
rotational rheometer and parallel plate of 25mm diameter with crosshatched surface (DHR-2, TA
Instruments, New Castle, DE, USA). The temperature of the lower plate was controlled by Stepped
Peltier Plate system, which was attached to a liquid recirculating chiller (ThermoCube, Solid State
Cooling Systems, Wappingers Falls, NY, USA) with a 20% ethanol solution. The temperature of
the upper plate was controlled by Upper Heated Plate system for Peltier Plate, which was attached
to a liquid recirculating chiller (Isotemp 4100 R35, Fisher Scientific, Waltham, MA, USA) with a
50% ethylene glycol solution. From the center of the ice cream container was cut a slice, which
was transferred to an insulated glove box at -20°C. A cylindrical tool was used to obtain disks of
25 and 2.5mm of diameter and height, respectively. The temperature of the parallel plates in the
rheometer was preset at -15 or -5°C. The ice cream disk was placed in the center of the lower plate.
The upper plate was loaded onto the ice cream disk without trimming the disk. Protocols of each
test are described in the subsequent sections. Two ice creams with a wide range of fat
destabilization (9 and 71% fat destabilization) were used to develop protocols for the rheological
tests. These ice creams were made to cover the broad structural variety of the commercial ice

creams evaluated in this study.
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4.3.4.1 Oscillatory Thermo-Rheometry (OTR)

The oscillatory thermo-rheometry (OTR) adapted from Wildmoser et al. (2004) and
Granger et al. (2005) was performed from -15 to 25°C. Preliminary tests were performed to ensure
all OTR analyses were performed within the Linear Viscoelastic Regime (LVR). From -15 to 0°C
and from 0 to 25°C, strains of 0.01 and 0.1%, respectively, were used. The sample was loaded at
-15°C using 1800um as initial gap. An insulating thermal cover for the Peltier Plate Systems was
placed on top of the sample (Chapter 2). The experiment started when the axial force was lower
than 10N. After that, the sample was held for 2 minutes at a gap of 1800 pum, which ensured the
full contact of the upper plate to the ice cream disk; the axial force was set to ON (0.1 N) and a
soak time of 15 minutes was used to equilibrate temperature and axial force. A continuous
oscillation at 10rad.s® angular frequency was applied to the sample. The sampling time was
adjusted to 4 seconds at a temperature ramp rate of 0.5°C.min™. The storage (G') and loss (G”)
moduli as well as loss tangent (tand) were obtained; subsequently, the data were reduced to obtain

one data point every 0.5°C.

4.3.4.2 Creep-Recovery

Creep and recovery measurements, adapted from Steffe (1996) and Dogan et al. (2013),
were carried out at 0 and 20°C. Parallel plates were preset at -5°C and an ice cream disk was loaded
to a 1800um gap. Temperature was adjusted to 0 or 20°C and held for 10 minutes to equlibrate the
sample. A constant stress of 0.15 or 0.05Pa at 0 or 20°C, respectively, (both stress loads were
within the LVR) was applied to the sample and the deformation (% strain) was recorded during
150 seconds. The load was relieved, and the structure recovery (% strain) was recorded for another

150 seconds. The collected data points decreased logarithmically with time (fast sampling).
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Maximum creep strain (MCS) and recovery were obtained. Moreover, a generalized Kelvin-Voigt
model, a mechanical model composed of one Maxwell unit (one spring and one dashpot linked in
series) in series with one or more Kelvin-Voigt (one spring and one dashpot linked in parallel)
units, was fitted to the creep compliance data using the TRIOS software (2019 TA Instruments—

Waters LLC, New Castle, USA).

4.3.4.3 Stress Growth

Stress growth test was performed at 0 and 20°C. The sample was loaded at -5°C and upper
plate was loaded to 1800um. An insulating thermal cover was placed on top, temperature was
adjusted to 0 or 20°C, and the sample was equilibrated for 10 minutes. A constant shear rate of
0.01 s was applied and stress was recorded as function of time for 1800 seconds or until the
sample reached the steady state flow (5% tolerance within 30 seconds in three consecutive
sampling). Shear modulus (G), equilibrium viscosity (n.) and work of structure breakdown (W)
were obtained from a phenomenological analysis adapted from Elliott and Ganz (1977) and Rao

(2007).

4.3.5 Statistical Analysis

All data were analyzed using JMP statistical software (JMP Pro 14.0, SAS Inst., Cary,
N.C., U.S.A. 2018). In the first part, drip-through rate and rheological parameters were explained
or predicted by structural components using simple (SLR) or multiple (MLR) linear regression
models. All possible models with up to seven of those structural components were fitted. Three
models with the lowest Schwarz’s Bayesian information criterion (BIC) were selected. If a model

showed variance inflation factor (VIF) above 10, it was replaced by the next model with the lowest
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BIC. A diagnostic was performed to evaluate the linear behavior, independent errors, constant
variance and normal distribution of the errors in those three models. The final model was chosen
by the lowest BIC value, but other criteria, such as lower p-value, Akaike’s information criterion
(AIC) and adjusted coefficient of determination (R%g;), were also used to check the consistency of
the final model. After that, correlations between rheological responses and drip-through rate by
using linear or nonlinear equations were used to better understand the melting behavior of the
commercial samples. The final nonlinear / linear model was chosen based on the lowest BIC value

and R2.

4.4 Results and Discussion

The effects of structural components (compositional, physical and structural parameters),
on the drip-through rate and rheological properties of commercial ice cream products were
evaluated. In addition, linear/nonlinear models using selected rheological parameters as predictors
of the drip-through rate were used to provide indirect associations between those structural

components and drip-through rate of the commercial samples.

4.4.1 Compositional/Physical Parameters and Structural Elements

Table 4.1 provides an overview of the structural components of ice creams available in the
national (United States) and local markets (Wisconsin). As observed by Warren and Hartel (2014),
the wide range of structure is due to the formulations, equipment and process conditions used in
the manufacture of each product. In the same way, as the hardening and storage conditions were

unknown, structural changes probably occurred until the samples were purchased.
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4.4.1.1 Total Fat
Total fat presented narrow range varying from 9.8 to 14.2% and overall mean 11.1+0.1%.
This range was expected for the full fat ice creams, including standard, premium and sandwich

versions, and agreed in general with the ice creams (full fat) assessed by Warren and Hartel (2014).

4.4.1.2 Total Solids

Total solids ranged from 37.0 to 40.7% and presented an overall mean of 38.6+0.1%.
Warren and Hartel (2014) found correlation between total fat and total solids, which was not
corroborated by this study (p=0.0792). This result may be due to the unknown formulations of the

full fat commercial ice cream products.

4.4.1.3 Density of Ice Cream Mix

Ice cream mix density ranged from 1.082 to 1.110kgL ! and presented an overall mean of
1.102+0.001kgL ™. Mix density showed very strong inverse correlation with total fat (r=-0.8444,
p=<0.0001). This correlation aligned with the observations from Warren and Hartel (2014). Since

fat has lower density than the serum phase of ice cream mix, higher fat content led to lower density.

4.4.1.4 Overrun

Overrun measurements extended from 32.6 to 121.4% and presented an overall mean of
83.1+2.3%. Overrun showed strong inverse and moderate direct correlations with total fat
(r=-0.7381, p=0.0017) and ice cream mix density (r=0.6329, p=0.0113), respectively. The inverse
correlation between overrun and total fat corroborated with Warren and Hartel (2014). This

correlation may be due to higher overrun levels in standard versions (or economy versions)
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associated with the minimum standard requirements for milk fat based on the Standard of Identity
for ice cream (Code of Regulations, Title 2 Food and Drugs, Part 135 Frozen Desserts) in the
United States. In the same way, the correlation between overrun and mix density may also be
related to the lower cost. In general, standard versions of full fat ice creams are associated with
lower total solids and total fat content (~10%), which is correlated to the higher values of mix

density.

4.4.1.5 Percent of Partially-Coalesced Fat Globules (Fat Destabilization)

Fat destabilization spanned from 4.5 to 77.0% and presented an overall mean of
42.1+1.6%. No correlation was found between fat destabilization and overrun (p=0.9541) in this
study, whereas Segall and Goff (2002) and Warren and Hartel (2018) found a direct correlation
using batch and continuous freezers, respectively. This is probably due to the use of different

formulations and unknown manufacturing processes of the commercial ice cream products.

4.4.1.6 Air Cell Size

Mean air cell size for the commercial ice creams extended from 10.5 to 31.0um, with an
overall mean size of 18.3+1.6um. There was a moderate inverse correlation with fat destabilization
(r=-0.5951, p=0.0193). This corroborated with Warren and Hartel (2018), who reported that higher
shear forces and/or emulsifiers (types and levels) benefit the formation of smaller air cells during
the dynamic freezing. No correlation was found between air cell size and overrun (p=0.1875) in
this study, which aligns with the observations from Warren and Hartel (2014). On the other hand,
this correlation is not supported by Sofjan and Hartel (2004) and Warren and Hartel (2018). As

observed by Chang and Hartel (2002a), the air cell size also depends on hardening step and storage
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conditions. Therefore, although the hardening step and storage conditions are unknown, it is
possible the air cell size changed since those factors were not controlled before purchasing the ice

cream products.

4.4.1.7 Ice Crystal Size

Mean ice crystal size ranged from 32.6 to 53.5um with overall mean size of 39.0£1.8um.
No correlation was found between ice crystal size and other structural components. This was
probably due to either the random formulation, process and storage conditions or the narrow ranges

of structural components presented by full fat commercial ice cream products.

4.4.2 Drip-Through Rate

The drip-through rate ranged from 2.00 (very rapid) to 0.13 (very slow) g.min*. Samples
880 and 957 are used to illustrate the drip-through rate behavior of the ice cream products in Figure
4.2A. Above 20% fat destabilization extent (FD), drip-through rate (DT) was low in the
commercial samples, which is also illustrated in Figure 4.2B. This correlation aligned with Warren
and Hartel (2014) and other previous work (Bolliger et al., 2000; Muse and Hartel, 2004; Segall
and Goff, 2002; Warren and Hartel, 2018, 2014). Fat destabilization was the only structural
component to affect DT. Warren and Hartel (2014), studying structural, compositional, and
sensorial properties of commercial ice cream products (full fat, low fat and nonfat), also found that
higher total fat and total solids as well as smaller ice crystal size led to slower drip-through rate.
The authors also found positive correlation between overrun and drip-through rate. Here, DT was
not affected by these other parameters probably due to the narrow range of total solids, total fat

and ice crystal size observed in the products evaluated in this study.
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Figure 4.2: (A) Drip-through curves of samples 880 and 957. (B) Drip-through rate behavior of
commercial ice cream products predicted by extent of fat destabilization. Triangles are ice cream
sandwich samples.
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It is possible that mix viscosity also had some effect on the DT in commercial products. As
observed in previous work (Chapter 2), mix viscosity affected the rheological behavior of ice
cream. In Chapter 3, excellent correlations were found between rheological parameters and
meltdown behavior. Furthermore, Wu et al. (2019) found mix viscosity as an important structural
component in the meltdown behavior of ice cream. However, more studies are required since mix

viscosity was not evaluated in these commercial ice cream products.

4.4.3 Rheological Properties of the Ice Cream Matrix

Specific rheological measurements, namely storage modulus (G’) and loss tangent (tand)
from oscillatory thermo-rheometry (OTR), residual viscosity (no) from six-element model
(generalized Kelvin-Voigt model) fitted in creep compliance data, and yield stress (ov) from stress
growth measurements at 0°C, were studied based on previous work (Chapter 2) for comparison

purposes. These measurements were then correlated with the measured structural components.

4.4.3.1 Oscillatory Thermo-Rheometry (OTR)

Samples 880 and 957, which showed the lowest and the highest DT, were also chosen to
represent the behavior of the storage (G') and loss (G") moduli of the commercial samples during
the OTR (Figure 4.3A). The G’ and G” curves were separated in three zones, as proposed by
Wildmoser et al. (2004).

In zone |, at -15°C, G' (G"15°c) was greater than G" (G”.1s°c) in all ice cream products. The
difference (between G’ and G”) ranged from 0.1 to 2.4MPa. These findings were close to previous
work (Chapter 2), which ranged from 0.2 to 1.2MPa. The tand.isoc ranged from 0.76 to 0.94.

However, no structural component was found to affect G'.15°.c, G”-15°c and tand.isc (¢=0.05). The
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same behavior was observed at -10°C. This is probably due to the unknown formulation, process,
storage conditions as well as strong influence of ice phase on rheology of the commercial samples.

In zone II, as observed in previous work (Eisner et al., 2005; Wildmoser et al., 2004;
Chapter 2), G” and G” showed a sharp decrease and G’ approached G” in all samples; therefore,
tand (G”/G’) presented a peak during OTR, which was also observed in previous work (Granger
et al., 2005; Chapter 2). At the peak in tand, G” was lower than G” in most samples, except sample
880, where tand was at 1.00. As ice melts, the ice cream matrix increases in liquid-like behavior
(Goff and Hartel, 2013; Granger et al., 2005; Chapter 2). In previous work (Chapter 2), mix
viscosity, overrun and fat destabilization were suggested to affect tand peak magnitude.
Formulation, such as stabilizer (Goff et al., 1995), and process, such as low-temperature extrusion
(Wildmoser et al., 2004), were also found to affect G’ and G” from -10 to -6°C and from -10 to
0°C, respectively. Formation of a tand peak is probably related to structural rearrangement as ice
melts in the matrix. Samples with more elastic behavior would have less structural rearrangement
and hence, lower tand peak. However, further studies are required to describe the specific structural
events that influence the peak formation observed in tand during OTR.

In zone 11, all commercial samples showed solid-like behavior (G’>G”) at 0°C. The
difference between G’ and G” ranged from 0.08 to 1.43kPa. This range is quite different compared
to previously discussed difference at -15°C, where the difference ranged from 0.2 to 1.2MPa
(Chapter 2). This difference at -15°C compared to 0°C is due to the strong influence of ice phase
on G’ and G” of the frozen matrix. After the ice crystals melted, the structure depends on the

melted serum phase, fat globules, proteins and air phase (Goff and Hartel, 2013).
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MLR models between G’ and G” at 0°C and the structural composition/structure
parameters are shown in Table 4.2. Fat destabilization presented strong direct effects on G’ and
G”, while mix density presented moderate direct effects on G’o°c and G”o°c. Results of the Tukey’s
HSD test are presented in Table 4.3 for G’o.c and G”oec. As illustrated in Figure 4.4A, direct
correlations, but with a lot of scatter, were observed between fat destabilization and both G’o-c
and G”’oec, which aligned with other work (Eisner et al., 2005; Granger et al., 2005; Wildmoser et
al., 2004; Chapter 2).

The tandeec ranged from 0.19 to 0.26 (Table 4.3). This range was quite different from
tand.1sec previously discussed, which ranged from 0.76 to 0.94. The greater values of tand.isec
when compared to tandoec Suggests a behavior transition of a highly concentrated solution at -15°C
to a weak gel at 0°C. This aligned with previous work (Chapter 2) and suggested that the melted
ice cream matrix had turned to a weak gel at 0°C. Moreover, no effect of structural components
was found to influence tando-c.

As observed in MLR models at 20°C (Table 4.2), fat destabilization showed strong and
very strong direct effects on G’20°c and G™20°c, respectively, and total solids and overrun showed
moderate direct effects on G’20°c and G’20°c. Tukey’s HSD test was also used to complement the
analysis for G’20°c and G”20°c (Table 4.3). The effects of fat destabilization on G’20°c and G”20°c
are illustrated in Figure 4.4B. The stronger correlations (significant coefficients in MLR) between
fat destabilization with G’o°c and G’20°.c when compared to G”o.c and G”2°c are probably due to
the physical properties of milk fat, which contribute more to the elastic than viscous behavior of
the melted ice cream. Moreover, the network of fat crystals in the partially-coalesced fat globules
led to greater elasticity at 0°C when compared to 20°C. There was also a direct correlation between

total solids and G’20°c or G’20°c, Which might be related to levels of stabilizer, milk solids nonfat,
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Figure 4.4: Example for behavior of storage (G’) and loss (G”) moduli, obtained from oscillatory
thermo-rheometry (OTR), against extent of fat destabilization at (A) 0°C and (B) 20°C. Triangles

are ice cream sandwich samples. Lines are linear trend line.
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among other solids. A moderate direct correlation between G’20°c and overrun was probably related
to greater interactions of serum phase components as well as fat globules within a thinner lamella
in high overrun ice creams. Apparently, as fat destabilization decreased in impact on the elasticity,
the role of other structural components, such as total solids and overrun, became more important
in the melted matrix at 20°C.

As observed in previous work (Chapter 2), after a sharp decline from its peak during ice
melting, tand achieved a minimum value and then started to increase slightly. At 20°C, tandzo°c
ranged from 0.24 to 0.37 (up from 0.19 to 0.26 at 0°C). This confirmed that the melted matrix had
lost elasticity as temperature increased from 0 to 20°C. As observed in Table 4.3, tandzo-c values
increased in all samples, except sample 410 (ice cream sandwich), compared to tando-c. According
to MLR, only fat destabilization affected tandzo-c (Table 4.2). As observed in Tables 4.1 and 4.3,
samples with lower fat destabilization showed higher tandzc. As the network of
partially-coalesced fat globules decreased (lower fat destabilization), elasticity was lowered in the
melted matrix. Low coefficient of determination was observed for tandzo-c (Table 4.2). Moreover,
although sample 410 showed relatively high fat destabilization (58.2%), the stability of tandzo°c
compared to tandeec (Table 4.3) suggests that other structural components, such as mix viscosity,
may also play important role in the melted matrix at 20°C. However, further studies are needed to

identify which other structural components may also affect tandzo-c.

4.4.3.2 Creep and Recovery Measurements
In general, oscillatory tests are used to study viscoelastic properties of food products.
However, another type of test is required to understand possible internal structures in food matrix

and their changes, depending on composition (Dogan et al., 2013; Dolz et al., 2008; Toker et al.,
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2013) or process. Therefore, creep and recovery tests are often used for these types of investigation
(Dogan et al., 2013).

Oscillatory stress amplitude sweeps were used to characterize the LVR. After that, a
constant stress (Gconstant), Which was within the LVR, was applied to the melted sample at 0 or 20°C
in creep measurement. Strain (y) was obtained over time (t) for 150s. In the recovery measurement,
stress was released, and recovery of structure was measured for another 150s. Maximum creep
strain (MCS) and percentage recovery were obtained from creep and recovery measurement,
respectively, as illustrated by sample 880 at 0°C in Figure 4.5A. Moreover, shear creep compliance
(J) over time was also obtained by dividing y by cconstant (Steffe, 1996). Creep compliance data
were fitted using generalized Kelvin-Voigt model (Ahmed, 2015; Gunasekaran and Ak, 2003;

Kaschta and Schwarzl, 1994; Purkayastha et al., 1984).

J(®) =Jo + ZiLiJi[1 — e "] + t/ng (4.4)

Here, J(t) is compliance over time (t), i is retardation times correspondent to compliances
Ji (represent viscoelastic behavior), Jo is instantaneous compliance (represent elastic behavior) and
Mo is steady-state viscosity or residual viscosity (represent viscous flow). Kelvin-Voigt model with
more than one retardation time is often used to describe creep behavior of biological and polymeric
systems (Gunasekaran and Ak, 2003; Purkayastha et al., 1984). In general, the simplest possible
model is chosen to represent creep behavior (Purkayastha et al., 1984). A six-element model was
chosen, as illustrated in Figure 4.5B. Spring, Go, and dashpot, no, are elastic modulus and residual
viscosity of the Maxwell unit, respectively. Springs, Gi1 and G2, and dashpots, 1 and r, are

retarded elastic moduli and internal viscosities of first and second Kelvin-Voigt units, respectively
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(Dogan et al., 2013). Observed data from sample 880 were fitted by the six-element model
(R?>0.99) in Figure 4.5C as example. The six-element model was also used in previous work to
describe creep behavior of ice cream mix as well as melted ice cream (Shama and Sherman, 1966;
Sherman, 1966; Chapter 2).

At 0°C, fat destabilization was the only structural component to affect Go o°c, G10°c and G2
oec in their respective MLR model (data not shown here). The most significant effect of fat
destabilization was on Go o°c, which is the spring of the Maxwell unit in Figure 4.5C. Fat
destabilization was also the only parameter to affect no o°c, N1 0°c andmz o°c at 0°C (data not shown
here). Interestingly, among all six-element model parameters at 0°C, the MLR model for 1o o°c was
the only model that was not found significant (p=0.0514). This is probably due to the more elastic
than viscous behavior of the matrix at 0°C. In Chapter 2, after ice was melted, a greater elasticity
was also found at lower temperatures, which was mainly related to milkfat properties. For
comparison purposes with previous work (Chapter 2 and 3), although the MLR model for no o°c
was not found significant, np is discussed as example for six-element model parameters as well as
creep and recovery measurements at 0 and 20°C. Moreover, here, as in Chapter 2, no will be also
compared to yield stress since both measurements were probably obtained under near transient
conditions. Tukey’s HSD test is used to complement the analysis for noo-c in Table 4.3.

In general, both mo o°c and 1o 20°c increased as fat destabilization increased, with a slightly
greater effect on no o°c, as observed in Figure 4.6A. This is probably due to greater elasticity of
milk fat at 0°C compared to 20°C. Overall, as overrun increased, both no o°c and 1o 20°c increased
slightly, as observed in Figure 4.6B. Direct correlation between overrun and o o°c aligned with
previous work (Chapter 2). This is probably due to greater interactions of serum phase molecules,

fat globules, among other components, within a thinner lamella in ice creams with higher overrun.
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Further, both no o-c and 1o 20°c increased, in general, as air cell size decreased (Figure 4.6C). The
smaller air cells, with greater air surface area, probably led to greater molecular interactions at the
serum phase/air cell interface.

In addition, both noo°c and no20°c increased (Table 4.3) as total solids increased (Table 4.1).
Those correlations are probably related to higher levels of components, such as milk solids nonfat,
stabilizer, among other solids. Although Dogan et al. (2013) studied mix formulations with
different concentrations of xanthan gum, they reported an increase in no (obtained from four-
component Burger model) as xanthan gum levels increased. As was observed in Figures 4.6A,
4.6B and 4.6C, structural components showed impact on mno o°c greater than no 20°c. This was
probably related to changes in structure as temperature increased. Moreover, in previous work
(Chapter 2), mix viscosity was also found to affect noo°c. It is possible that mix viscosity may
affect no o°c in this study as well. However, more studies are needed since mix viscosity was not

analyzed in these commercial ice cream products.

4.4.3.3 Stress Growth (Constant Low Shear Rate)

Stress growth, also known as stress overshoot, encompasses rheological measurements
with matrix intact, and in transient and equilibrium flows. In literature, the test is described both
based on transient viscoelastic flow that occurs in the sample (Rao, 2007; Steffe, 1996) and on
steady state flow reached at the end of the test, where due to large deformation, the sample is
completely disrupted (Lucey et al., 1997; Luyten et al., 1994). Thus, parameters obtained from this
test could confirm results of other tests and provide information about the yield stress (oy). In
previous work, oy was related to the ability of ice cream to dip or scoop (Briggs et al., 1996) and

to the ability of the matrix to remain on the top of the screen after meltdown test (Chapter 2).
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Phenomenological analysis from Elliott and Ganz (1977) and Rao (2007) was adapted
using stress growth measurement at 0°C. As observed in Figure 4.7A for sample 880, t is time
when constant shear rate (y) is applied to the sample 880, oa is the stress at the end of elastic
portion of the curve, oy iS peak stress (which corresponds to yield stress) and o is equilibrium
shear stress. From those stress values and their respective times, their correspondent deformations,
such as yta, yy (which is strain correspondent to oy) and yw., Were found. Moreover, total
deformation that occurs at different shearing time is the product of shear rate and time. Therefore,
equations for shear modulus (G), equilibrium viscosity (n.) and work of structure breakdown (W)

can be calculated from the previous definitions:

G = da/dy =04/Yt, (4.5)
N = 0w /Y (46)
W=y [ (c—0,)dt 4.7)

Here, A is time that stress curve overshot 6. and B is time that 6. was reached. Therefore, the area
above the extrapolated o line was obtained as excess work of structure breakdown, W.

Stress growth measurement for sample 957, which showed the highest drip-through rate,
is also presented in Figure 4.7B for comparison purposes. Overall, the effects of structural

components on shear modulus (G) and equilibrium viscosity (n.) corroborated previous
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measurements of G’ (from OTR) and no (from six-element model in creep test), respectively, at
both 0 and 20°C. This was also observed in the previous work (Chapter 2). Measurements of oy
are presented to illustrate parameters obtained in stress growth measurements.

The MLR model for oy 20°c at 20°C is presented in Table 4.2. Extent of fat destabilization
and total solids showed moderate direct effects on oy 20°c. Although the MLR model for oy o-c at
0°C was not significant (p=0.0871), fat destabilization extent showed a moderate direct effect on
oy occ. Thus, Tukey’s HSD test is also used to complement the analysis for oy o°c and oy 20°c in
Table 4.3.

Overall, as fat destabilization increased, oy o°cc and oy 20°c increased, similar to previous
work (Chapter 2). As shown in Figure 4.8A, fat destabilization had more effect on oy at 0°C
compared to 20°C. In this transient flow zone, an increased network of fat globules provided
greater elasticity to the matrix, requiring greater force to initiate the flow. Greater impact of fat
destabilization at 0°C is probably related to more fat crystals as compared to 20°C. Generally, as
overrun increased, both oy o.c and oy 20°c increased, as observed in Figure 4.8B, which agreed with
previous work (Chapter 2). The thinner lamellae with higher overrun increased the strength of
serum phase/air cell interface to provide greater resistance to initiate flow. In general, as air cell
size decreased, both oy o°c and oy 20°c increased (Figure 4.8C). Greater air surface area provided by
smaller air cells probably promoted greater interactions at the serum phase/air cell interface, which
could increase oy measurements. As either mix density or total solids increased, oy o°c or oy 20°c
increased. These correlations were probably related to higher levels of unknown components that
could contribute to mix density and total solids, such as milk solids nonfat and stabilizer, among

others. Therefore, correlations of oy o°c or oy 20.c With mix density or total solids are not further
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Figure 4.8: Influence of (A) fat destabilization, (B) overrun and (C) air cell size on residual
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discussed. The greater impact of structural components on oy at 0°C than at 20°C was probably
due to structure changes with increased temperature. Last, as mix viscosity affected oy at 0°C in
previous work (Chapter 2), mix viscosity may probably affect oy o.c in commercial ice cream
products. However, more studies are required since mix viscosity was not evaluated for
commercial ice cream products.

Finally, in previous work (Chapter 2), recovery and mo o°c from creep and recovery were
compared to oy oec at 0°C since those measurements were obtained under near transient conditions
in the melted ice creams. Here, a very strong linear correlation was found between 1o oec and 6y o°c
at 0°C (R?=0.79, p<0.0001), while a significatively strong correlation was found between 1o 20
and oy 20°c at 20°C (R?=0.50, p=0.0034). As the low constant load (within LVR) is applied to the
sample, the melted matrix is deformed over time until it reaches the equilibrium (viscous behavior
in Figure 4.5C. In this region the sample probably initiated the flow since the highest correlation
was found between no and oy at both temperatures, 0 and 20°C. In this way, although no and oy
were obtained from different inputs, constant stress and shear rate, respectively, no and oy was
obtained in close transient conditions. Therefore, these significant linear correlations also validated

oy measurements for commercial ice cream products.

4.4.4 Correlations between Rheological Parameters and Drip-Through Rate (DT)

Melting behavior of ice cream is an important quality parameter. Essential melting
parameters are commonly obtained from meltdown tests (Wu et al., 2019). Nevertheless,
meltdown test has its limitations, such as sample size, heat transfer rate, sample volume and weight,
among other external variables. As highlighted in previous work (Chapter 3), structural

components and their intrinsic arrangement influence both rheological and meltdown behaviors.



167

Therefore, correlations between parameters from an instrumental test, such as rheometry, and
parameters from meltdown test, such as drip-through rate (DT), may provide important
information about melting behavior in ice cream.

Correlations between three rheological parameters at 0°C, G’o°c, Mo o°c and oy o°c, and DT
were chosen for comparison purposes with previous work (Chapter 3). The use of the previous
model (chapter 3) in this study is limited due to unknown formulation and process of commercial
ice cream products. However, common trends were observed between the two studies.

The correlation between G’occ and DT for commercial ice creams is compared to the
exponential model from previous work (Chapter 3) in Figure 4.9A. The exponential decay model
has three parameters, growth rate (-1.2E-02Pa), scale (7.40g.min!) and asymptote (0.19g.min™)
(Equation 3.1 in Chapter 3). Samples with low G’o-c (below 130Pa) presented high DT (above
1.7g.minY). As G’¢ec increased in samples up to around 200Pa, an exponential decay in DT was
observed. Samples with G’o:c above 200Pa showed a plateau with DT below 0.46g.min™.
Although the proposed model shows large variability in 95% confidence interval, data from ice
cream commercial products for G’oec fitted well in the model from previous work (Chapter 3). In
the model, high DT occurs in samples with low G’o.c and DT shows exponential decay as G’o°c
increases slightly and reaches an asymptote, where, further no effect is observed in DT values.
Interestingly, other than one commercial sample with the highest G’o-c, all observed data from this
study fitted well in the 95% confidence interval of the model proposed in Chapter 3 (Figure 4.9A).

The correlation between no occ and DT is presented in Figure 4.9B, along with the model
reported in previous work (Chapter 3). The exponential decay model also presents growth rate
(-1.9E-04Pal), scale (1.67g.mint) and asymptote (0.17g.min) (Equation 3.1 in Chapter 3). Also

creases.
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Figure 4.9 Correlations of drip-through rate with (A) storage modulus (G’oec), (B) residual
viscosity (nooeec) and (C) yield stress (oy o°c) at 0°C compared to exponential decay models for ice
creams with controlled structural formation from previous work (Chapter 3). Triangles are ice
cream sandwich samples. Lines and dotted lines are models and their 95% confidence intervals,
respectively, from previous work (Chapter 3).
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in this case, in general, DT was high with low 1o o°c and exponentially decayed as 1o o°c increased.
After that, DT reaches a lower asymptote, where, no o°.c did not affect DT. However, many
commercial samples were out of the 95% confidence interval of the model. In particular, the
sample with the lowest value of 1o o-c sShowed a relatively low DT (0.48g.min™). Thus, data from
commercial ice cream products for no o°.c did not fit well in the model from previous work
(Chapter 3).

An exponential decay model for correlation between oy o°.c and DT, which was reported in
previous work (Chapter 3), is shown in Figure 4.9C. The exponential model also has three
parameters, growth rate (-8.1E-01Pal), scale (8.18g.min™) and asymptote (0.19g.min™) (Equation
3.1 in Chapter 3). As before, samples with low ov oec generally had high DT, which then decayed
exponentially and reached a lower asymptote with increasing oy o°.c. However, the commercial
sample with the lowest 6y ooc (1.8Pa) presented a relatively low DT (0.48g.min™t), so there was not
a clear distinction in DT based on oy o°c. Although observed data with low oy o.c values were
within 95% confidence interval, from 1.8 to 3.7Pa, samples presented unstable DT, ranging from
0.48 to 2.00g.mint. Therefore, although data from ice cream commercial products for oy ooc did
not fit well in the model from previous work (Chapter 3), it was very interesting the common trend

in commercial ice cream products and ice creams with controlled structural formation.

4.5 Conclusions

A wide variety of structural components influence the rheological behavior of commercial
ice cream products. Fat destabilization was the main parameter to affect rheological properties at
0°C although the effects decreased at 20°C. Fat destabilization was the main parameter that

affected elastic (G”), viscous (o) and transient (cy) behaviors of melted ice cream matrix, followed
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by overrun and air cell size. It is important to note that serum phase also showed effects on
rheological parameters through total solids and mix density. However, it was not possible to
identify which were the main components that affected serum phase due to unknown formulation
of commercial samples. A common exponential decay trend was observed between DT and
rheological parameters (G’o°c, No o°c and oy o°c) from previous model and observed data of
commercial samples. Data from commercial ice creams fitted well in previous model proposed
(Chapter 3) for G’oec of ice creams with controlled structural formation. Commercial ice cream
products with G’o-c above 200Pa presented sufficient elasticity to keep DT below 0.46g.min™.
Commercial samples with 1o o°c and ov o°c above 7.11Pa.s and 4.1Pa, respectively, also presented
DT below 0.46g.min%. Therefore, responses from DT suggested that G’o:c was a good rheological
parameter to indicate melting behavior of commercial ice cream products. Last, the clear common
trend in commercial ice cream products and ice creams with controlled structural formation for
correlations between DT with G’oec, o o°c and oy ¢°c Showed that ice cream rheology is important

perspective studying meltdown properties.
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Table 4.1 Comparison of means using Tukey’s HSD for total fat, total solids, ice cream mix density (ICM density), overrun, extent of

fat destabilization (FD), air cell and ice crystal sizes of commercial ice creams products (o = 0.05).

Code Total Fat | Total Solids | ICM Density Overrun FD Air Cell Size | Ice Crystal Size
(%) (%) (kg LY (%) (%) (um) (um)
106 *14.12 *39,7b¢ **1 0919 90.1 +0.9%% | 36.0 £ 0.7¢¢ | 16.1 + 1.1¢°d 32.6+2.49
129 99+0.17 | 385+0.2¢F | 1.108+0.001% | 104.2+7.1° | 39.6 +2.1° | 16.9 + 0.3%¢ 34.4 + 0.9«
293 *10.49% 37.0+0.1" | 1.098 +0.001¢" | 83.4+0.4° | 54.3+1.9° | 16.6+0.3°¢ 38.0 + 1.1bcd
297 | 9.9+0.17 | 38.6+0.2¢ *%1 1082 79.8+2.6%F | 73.7+15% | 12.3+1.0% 44,6 + 1.5%
320 *10.4% 37.5+0.19" | 1.101 +0.001% | 87.4+2.0%% | 23.7+1.3¢" | 21.7+1.8" 40.8 + 1.3bcd
325 9.8+0.19 | 389+0.2% | 1.110+0.002%8 | 98.0+3.2" | 62.3+1.5° | 14.6+0.7%% 37.7 + 0.80d
347 *10.0¢f0 37.6 +0.19" *%1 1040 91.6+0.3%% | 225+ 1.5 | 13.5+(0.2¢de 35.2 + 1.9bcd
1358 *1(,30ef 39.3+ 0.1 **1 1012 96.1+1.3%d [ 740+222 [ 10.5+0.5° 53.5 + 4.82
1410 *10,34f 37.3+0.1N *%1 1071% 121.4+0.32 | 58.2+2.0° | 20.3 + 3,20« 36.3 + 1.4bd
559 | 14.2+0.1% | 37.6+0.19" | 1.082+0.001" | 32.6+0.19 | 77.0+1.62 | 20.2 + 2.9bc 40.3 + 1.3bcd
652 | 10.1 + 0.2¢f9 *37.9% 1.104 + 0.001P% | 84.7 +0.7% | 4.5+ 0.29 31.0 +3.02 35.1 + Q.70
710 | 10.8+0.2° | 39.2+0.1% | 1.106 +0.0012 | 81.3+0.7¢ [33.7+1.0%| 17.9+1.1¢¢ 35.3 + 0.8bd
880 *14,22 40.7 +0.12 **1 095 37.3+069 | 24.4+06%F| 27.2+1.7% 44,2 +1.0%
903 | 10.4+0.1%% | 38.9+0.1% *%1 1072 90.3+1.9%€ [ 286 +2.0% [ 17.7+0.6¢ 33.8 +1.2¢
957 *12.1P 40.1+0.1° | 1.103+0.001%¢ | 68.7+1.5" | 19.6 +2.47 | 18.8 +0.5¢¢ 42.7 +2.1b¢

1Samples from ice cream sandwich.
*Values denoted with standard errors lower than 0.1%.

**\/alues denoted with standard errors lower than 0.001kg L.

abcdefani Means denoted with the same letter are not significantly different from each other (p > 0.05).
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Table 4.2 Parameter estimates, coefficients of determination (R? and R?agj) of the multiple linear regression models for storage (G’) and
loss (G”) moduli, loss tangent (tand), residual viscosity (no) and yield stress (o

) at 0 and 20°C.

Rheological Coefficients .
Test Y lintercpt FD MD TS OR AC Fat| X | R | FRatio
G’oc | -25686° 152 23210° n/a nla nla n/a|0.68| 0.63 |12.7521

G”cc | -4430° 3.0  4010° n/a n/a n/a n/a|0.71| 0.67 |14.9252

OTR G’20°c | -2066" 41" nla 458" 2.0° 7.4 n/a|0.71| 0.60 | 6.2461
G”c | -4707 1.0™ nfa  10.6° 04" 1.9 n/a|0.73| 0.62 | 6.7825

tand2occ| 0.338"" -0.0009° nla nl/a n/a nf/a nfa|0.31| 0.26 | 5.9003

Creep moc | -219340 412** n/a 5638 n/a nfa n/a|0.39| 0.29 | 3.8389
noz0°c | -73060 83 nfa  1746° 74" nla nfa|0.55| 0.42 | 4.4280

Stress oyoc | -190.7 027 nfa 5.816 n/a n/a-3.0[0.44| 0.28 | 2.8372
Growth | eyaecc | -52.3°  0.06" nfa  1.278" 0.041 n/a n/a |0.52| 0.39 | 4.0137

Legend: FD is fat destabilization, MD is mix density, OR is overrun, AC is air cell size, TS is total solids and Fat is total fat.
“p<0.05, “p<0.01;

*kk

p<0.001.
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Table 4.3 Comparison of means using Tukey’s HSD for storage (G’) and loss (G”) moduli, loss tangent (tand), residual viscosity (no)
and yield stress (oys) at 0 and 20°C of commercial ice cream products (o = 0.05).

Code (?(;ga(; (GI:I,DOa(; Tandoc |G 20°c (KPa)| G”20°c (KPa) [ Tandzo°c (Eggg) (lllcl)azgig) G(TD;)C 0\((Pz;°)c

106 [0.47+0.01%cdl 10,11% | **0.23°d |0,20+0.013¢| 20.060cdef 50.29% | 33.1+3.5% |5.4+1.9°| 7.3+0.3% |2,6+0.230
129 [0.84+0.11° (0.18+0.02°[0.21+0.01%°¢|0.20+0.03%¢(0.06+0.01°°%"(0.29+0.01%" |17.3+1.3%°¢| 11.4+1.8° | 16.5+2.2¢ | 3.8+0.3%
293 [0.21+0.01%® [ *0.05? **0.269 | 0.08+0.012 20,028 |0.29+0.01%¢| 2.7+0.4% | 0.9+0.2% | 4.1+0.4% | 0.9+0.1%
297 | 1.7620.33" [0.3240.069| **0.19% |0.23+0.04°%| 0.07+0.01%" |0.29+0.012>¢| 34.6+3.2° | 8.6+1.29¢ | 21.142.2¢ | 4.2+0.4%
320 |0.16+0.01%° | *0.04® |0.25+0.01¢ | 0.07+0.012 20,022 0.37+0.02° | 1.8+0.1% | ***0.6% | 1.8+0.1% | 0.9+0.1%
325 [0.88+0.07% [0.18+0.01°°|0.20+0.01%" |0.19+0.03%°|0.05+0.013°c4| **0 28% |59 7+15.19|7.0+0.6°% | 46.9+4.69| 9.9+1.5
347 (0.350.06%{0.07+0.013|0.20+0.01% | 0.12+0.02%° | 0.03+0.01% |0.28+0.02% |12.5+1.8%°| 1.8+0.2% | 8.2+0.8% | 1.3+0.2%°
1358 | 1.12+0.07¢ [0.24+0.01%(0.21+0.01%%¢| 0.36+0.04% | 0.09+0.01"7 | 0.24+0.01 |24.5+6.4%¢| 7.6+0.6% |14.0+1.3"| 5.1+0.4°
1410 0.64+0.09°€|0.16+0.02°| **0.26Y |0.32+0.06°| 0.08+0.01¢" | **0.26% | 7.1+0.5% |4.8+0.82°d| 8.24+0.2% | 3.4+0.1%
559 [0.48+0.023¢df *0.11%° [0.23+0.01°°4|0.19+0.03%¢| 20.06%°¢%" 0.31+0.03%¢|11.741.4%¢| ***0.92 | 51+0.1% |1.240.13°
652 | 0.13+0.01° | *0.03* |0.25+0.01%| 20.08? 20.03®  |0.36+0.02°| 2.0+0.2% | ***0.6% | 2.0+0.2% | 0.9+0.1%
710 [0.33+0.01%® [ *0.06® | **0.20%° |0.14+0.01*| 20.04% 0.2940.01%° | 10.4+1.1% | 3.0+1.0%¢ | 6.4+0.5% |3.240.40cde
880 [0.33+0.01® [ *0.07% |0.20+£0.01%°|0.23+0.02°¢| 20.06%%" | 0.27+0.01? |12.6+1.8%%°|5.3+0.3%¢| 17.1+1.7¢ | 4.6+0.4%
903 | 0.13+0.01% | *0.03* [0.23+0.01°| 0.08+0.01% [ 20.03*  [0.31+0.01%"¢| 2.1+0.2% | 0.940.1% | 2.9+0.3% |1.2+0.1%°
957 | 0.11+0.01% | *0.03* |0.26+0.02¢ | 20.07? 20.02*  |0.36+0.04°°| 2.4+0.1* | ***0,5% | 3.7+0.5% | 0.8+0.1°

1Samples from ice cream sandwich.
*Values denoted with standard errors lower than 0.01kPa.
**V/alues denoted with standard errors lower than 0.01.

***\/alues denoted with standard errors lower than 0.1kPa.s.

abcdefahi Means denoted with the same letter are not significantly different from each other (p > 0.05).
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5.1 Conclusions

The arrangement of structural components in the ice cream matrix governed not only the
rheological behavior but also the ice cream behavior in the meltdown test. No structural component
was responsible for a specific rheological behavior; however, the most influential structural
component depended on each rheological parameter evaluated, which was obtained by applying
different types of shear to the sample. Since the different rheological parameters could be related
to structural component rearrangement events, the importance of the different rheological tests
used in this study helped understand the mechanisms involved in melting ice cream. Thus, the
selected correlations between rheological and meltdown properties provided a still unexplored
perspective and shed new light on the different structural rearrangement mechanisms involved in
ice cream meltdown.

In the first study, mix viscosity at 50s?, fat destabilization extent and overrun provided a
wide variety of structures that provided good correlations with the selected rheological parameters.
Although the rheological behavior of ice cream was strongly influenced by ice phase presence, the
elastic behavior (G’.15°c) of the frozen matrix was most influenced by the mix viscosity. In the
absence of ice phase and with an intact structure assumed, fat destabilization that the most
influence on elastic behavior (G’o°c) of the melted matrix. In the transient flow behavior at very
low shear rate, a six-element model (generalized Kelvin-Voigt model) provided good
representation of the creep behavior of melted ice cream. Moreover, mix viscosity had the greatest
effect on the no o°c, which illustrated transient flow behavior of the melted matrix, followed by fat
destabilization. Although no o°c Value was obtained at constant stress load and the stress required
to initiate the flow (ov o°c) Of the melted matrix was obtained at constant shear rate, mix viscosity

had the most influence on the oy o-c, followed by fat destabilization. Moreover, due to these similar
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transient flow conditions, the linear correlation between 1o o°c and ov o°c Values was also used to
validate oy o°c measurements. The rheological destruction (Thixeec), which provided insights about
the initial structural formation in the melted matrix, was a promising rheological parameter to
characterize the structural development in ice creams. Mix viscosity had the most influence on
Thixoec, but fat destabilization also showed strong influence. Moreover, the outstanding correlation
between Thixeec and tandpeak (from OTR) suggested that structure that influenced tandpeak vValues
during ice melting and dilution of serum phase in OTR was similar to that initial structure disrupted
during the thixotropic loop.

In the second study, good correlations between rheological and meltdown parameters
verified the importance of rheological behavior on meltdown test of ice cream. Although G’oc
provided good correlations with drip-through (DT) and final height (FH), the results suggested
that the elastic behavior is important in the melted ice cream, but other rheological parameters
were needed to give more insights about DT and FH in meltdown test. The partial flow of ice
cream on the top of the screen during meltdown test has a low shear rate. Thus, 1o o°c, Which was
obtained at a low shear rate, provided good correlations with DT and FH obtained in meltdown
test. Although ov oec is a different measurement and was measured with a different input, the force
required for the melted matrix to yield was obtained in a similar transient flow condition that
No o°c Was measured. Therefore, oy o.c also provided good correlations with DT and FH.
Furthermore, trends in the correlations of structural components with 1o occ Were also similar to
those trends of structural components with oy o.c, which reaffirm the validation of oy oc
measurements. The Thix o.c measurements provided outstanding correlations with DT and FH.
The suggested initial structural formation by Thix o.c was highly correlated with DT and FH in

meltdown test. This thixotropic loop was successfully used for a more accurate structural
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characterization of melted ice creams. Finally, the wide structural range created in ice creams by
mix viscosity, extent of fat destabilization and overrun as well as outstanding correlations of these
structural components with rheological and meltdown properties showed that besides the ice phase,
these structural components have great importance in the structural arrangement and physical
properties of ice cream.

In the third study, the practical application of the two previous works was verified in
commercial ice cream products. A wide range of structural components affected rheological
properties and DT of commercial ice cream products. Fat destabilization was the most influential
structural component on the DT as well as on the elastic (G’o°c), viscous (Mo o°c) and transient
(ovoec) behaviors at 0°C, whereas the influence of fat destabilization on rheological properties
decreased at 20°C. After fat destabilization, overrun and air cell size provided the most influence
on G’, no and oy in the melted ice cream matrix. Although the main components that affected
serum phase were not identified due to unknown formulation of commercial samples, it is worth
noting that the serum phase also affected rheological properties through total solids and mix
density. Furthermore, the strong linear correlations between mo and ov reaffirmed the reliable
measurements of oy o°c. Last, although formulations and processes were unknown in commercial
ice cream products, the observed data in this study had an outstanding fit from the models of
Chapter 3, which were obtained from ice creams with controlled structural formation. This

consolidated the importance of rheological behavior in meltdown test of ice cream.

5.2 Recommendations
The rheological parameters discussed in this dissertation were selected so that the

mechanical performance of an ice cream sample during meltdown test could briefly be highlighted.
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Moreover, due to the large volume of data obtained, the discussion of all parameters of each
rheological test became redundant. Thus, further studies of other rheological parameters may assist
in better understanding the mechanical performance of an ice cream sample during sensory tests
and texture analyses.

In oscillatory thermo-rheometry (OTR), storage modulus (G*) measures the deformation
energy stored and recovered per cycle of deformation in the matrix, while loss modulus (G”)
measures the deformation energy dissipated and lost in the sample per cycle of deformation. Mix
viscosity had the most influence on G’ in ice phase presence (-15°C), while extent of fat
destabilization was the most influential parameter on G’ in ice phase absence (0°C). Moreover,
mix viscosity had the most influence in drip-through (DT) rate and final height (FH). A study
focused in the G” measurements at -15°C, which evaluate viscous behavior in intact structure,
would probably provide insights about sensory and texture properties, such as denseness,
scoopability or hardness, of ice cream. Moreover, further studies focused on tand (ratio between
G” and G’) behavior, namely tandpeak, Which was most influenced by mix viscosity, as well as G”
at 0°C, which was most affected by fat destabilization, can probably provide deeper understanding
of flavor release and perception in ice cream. The values of tandpeak Were reached at different
temperatures, which was very strongly affected by mix viscosity and fat destabilization, in this
study. It is known that fat destabilization and mix viscosity can affect sensory properties in ice
cream (Amador et al., 2017); also, fat is a good flavor carrier in ice cream and temperature affects
the partitioning of flavor compounds between lipidic and serum phases (Berg and Rankin, 2005)
in dairy products. Therefore, a study focused on fat destabilization and mix viscosity combined
with rheological parameters, such as tandpeak and G”o°c, and dynamic sensory evaluation may

provide interesting insights about flavor perception in ice cream.
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Structural components similarly affected elastic modulus (Go) from creep tests and G’
(from OTR). Beyond the residual viscosity, no, obtained at low shear rate, the creep test is an
important method to evaluate internal structure of food products. The internal structure is also
responsible for the viscoelastic behavior, which may affect textural properties in ice cream.
Therefore, a study focused on internal structure parameters, such as retarded elastic moduli, G
and G2 (springs in six-element model) and internal viscosities, 11 and 12 (dashpots in six-element
model), textural properties in ice cream may present important information about the mechanical
performance during texture analyses.

In stress growth test, the structural components that affected shear modulus (G) similarly
affected Go and G’. Equilibrium viscosity () showed similar trend to no. Mix viscosity was the
most influential component on yield stress (oy). Moreover, the most influential structural
component on both the work required for yield stress of the melted ice cream and excess work of
structure breakdown (W) was mix viscosity, but with also strong effects from fat destabilization.
The work required to reach the yield stress of the sample as well as W may present significant
correlations with textural properties, namely parameters from texture profile analysis.

In flow ramp test, the time-dependency behavior, assessed as stress peak (cpeak), had very
strong correlations with the initial structure formation, which was characterized by the rheological
destruction (Thix) in this test. Thix showed to be a promising rheological parameter in ice cream
research, which may have outstanding correlations not only with textural properties, but also with
sensory properties of ice cream.

Last, some observed outliers in Chapter 3 (seen clearly in Figures 3.12A, 3.16A), namely
samples SIA1P3-S1A3P3 (see codes back in Table 2.1), with high fat destabilization and low mix

viscosity, showed low FH as well as low oy and Thix, which could be explained by percolation
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events that occur during the meltdown test of the ice cream. Furthermore, in Chapter 2, correlations
between tandpeak and Thix suggested that the structure that affected tandpeax magnitude during ice
melting and dilution of serum phase was similar to the initial structure that was disrupted during
the thixotropic loop. Therefore, a study focused on structural components, such as mix viscosity,
fat destabilization and overrun, combined again with rheological parameters, such as tandpea, oy
and Thix, as well as experiments to evaluate diffusion and percolation events, may provide deeper

understanding of melting mechanisms in ice cream.
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