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ABSTRACT

Chocolate exhibits a complex material response under the varying mechanical

loads present during oral processing. Mechanical properties such as Young’s

modulus and fracture stress are linked to sensorial attributes such as hardness.

Apart from this link with hardness perception, these mechanical properties are

important input parameters towards developing a computational model to

simulate the first bite. This study aims to determine the mechanical properties of

chocolate with different levels of micro-aeration, 0–15%, under varying modes

of deformation. Therefore, destructive mechanical experiments under tension,

compression, and flexure loading are conducted to calculate the Young’s

modulus, yield, and fracture stress of chocolate. The values of Young’s modulus

are also confirmed by independent ultrasonic mechanical experiments. The

results showed that differences up to 35% were observed amongst the Young’s

modulus of chocolate for different mechanical experiments. This maximum

difference was found to drop with increasing porosity and a negligible differ-

ence in the Young’s modulus measurements amongst the different mechanical

experiments is observed for the 15% micro-aerated chocolate. This phenomenon

is caused by micro-pores obstructing the microscopic inelastic movement

occurring from the early stages of the material’s deformation. This work pro-

vides a deeper understanding of the mechanical behaviour of chocolate under

different loading scenarios, which are relevant to the multiaxial loading during

mastication, and the role of micro-aeration on the mechanical response of

chocolate. This will further assist the food industry’s understanding of the
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design of chocolate products with controlled and/or improved sensory

perception.

Introduction

Composites have been commonly designed and used

in almost every field of engineering due to the

superior material properties that they exhibit over

their constituents and the relatively low specific

density [1, 2]. Composites usually consist of two or

more phases, at least one of each in a continuous

phase. A vast literature has been devoted to study the

microstructure and the interactions amongst the

phases towards a reliable prediction of the effective

properties [3–5] and the final performance of the

composite. The geometrical parameters, such as

arrangement, orientation, shape, and volume fraction

of the phases, play vital role on composite’s perfor-

mance [4, 6, 7].

An example of composites is concrete which is

widely used in variety of engineering applications

due to its strength and durability [7]. The different

phases and the interactions amongst the phases in

concrete’s microstructure are responsible for the final

mechanical response under operational loads [8].

Another example of a multiphase composite is

chocolate, consisting of a variety of hard particles,

sugar crystals, cocoa solids, and in some cases milk

powder particles, all dispersed in a continuous soft

matrix of cocoa butter and in some cases milk fat

[9, 10]. The weight fraction of the hard particles in

chocolate typically ranges from 50 to 60 wt% [11, 12].

In micro-aerated chocolates, the micro-pores in the

chocolate microstructure exist in relatively small

porosity levels, i.e. up to 15%, and exhibit similar

sizes to the rest of the particulates found in the

chocolate [13, 14]. However, even at such low

porosity levels, micro-aeration has been reported to

drastically affect material and sensory properties

[13, 15–18].

For chocolate at solid state, no systematic experi-

ments have been reported to measure the mechanical

properties, such as Young’s modulus, yield, and

fracture stresses, under different modes of deforma-

tion. In addition, no studies have been conducted to

reveal the effect of micro-aeration on the chocolate’s

mechanical behaviour.

In foods, the computation of the mechanical

properties is crucial because they drive the behaviour

of the food during processes with industrial interest,

such as food oral processing [19, 20] and manufac-

turing [21]. In oral processing, the first bite consti-

tutes the initial stage which guides fragmentation

and the release of a plethora of sensorial attributes

[22]. This stage is the most crucial since it dictates the

way the material will break, i.e., in a few large or

multiple small fragments, coming into contact with

the taste buds and mechanoreceptors in the oral

cavity [23, 24]. Therefore, the fragmentation pattern

influences the intensity of the sensorial attributes

released during oral processing [16]. During the first

bite, the food is approximately a few centimetres

corresponding to a couple of grams in size [25]. At

this point, bulk mechanical properties such as the

Young’s modulus, fracture stress and toughness

determine how the material will respond under the

multiaxial loading occurring by the action of the teeth

[26]. These mechanical properties are reported to also

influence mastication parameters such as the masti-

cation rate and chewing forces [23].

To simulate the first bite conditions using compu-

tational models, a constitutive model is required

which contains material parameters such as stress–

strain data, including the Young’s modulus. For an

accurate representation of the material response,

these material parameters should be known for dif-

ferent loading events such as tension and compres-

sion. More specifically, the material response under

tensile conditions is often important because fracture

events, in most materials, occur under tensile condi-

tions [20]. On the other hand, the compression events

are associated with the compressive action of the

teeth against the food. Moreover, the significance of

measuring these material properties has been high-

lighted not only because these properties are impor-

tant input parameters to simulate various processes

with industrial interest but also because they are

linked to consumer perception [16, 27, 28]. More

specifically, material properties such as Young’s

modulus and fracture stress are often linked to sen-

sorial attributes, such as hardness [22, 23, 29, 30]. This

sensory property is often reported to guide and
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determine the textural profile of the material since it

is perceived at the early stages of food oral processing

[22, 31, 32].

Our previous work on the effect of micro-aeration

on mechanical properties of chocolate gave deeper

insights into the complex mechanical behaviour of

the material and how micro-aeration affects the

material properties, such as Young’s modulus, yield

and fracture stress, but only under compressive

conditions [13]. Therefore, the need to establish the

material properties under different modes of defor-

mation, relevant to mastication [26], remains. It is

commonly reported that the material properties of

polymers, either food or otherwise, exhibit depen-

dency on the deformation mode [33–35]. Therefore,

the computation of material properties for different

deformation modes and levels of porosity will be the

focus of this study to fill the gap in the literature and

highlight the complex material response of multi-

phase materials such as chocolate.

This study aims to define the mechanical proper-

ties, and specifically the yield stress, fracture stress,

and Young’s modulus of chocolate under varying

levels of micro-aeration ranging from 0 to 15% for

different modes of deformation, i.e. compression,

tension, and flexure. The Young’s modulus of

chocolate extracted from non-destructive methods is

compared against the Young’s modulus computed

from destructive mechanical tests under different

modes of deformation. Specifically, the value of the

modulus extracted by the ultrasonic methods is

compared to the ones measured from the uniaxial

monotonic, loading–unloading experiments in com-

pression, tension, and three-point bending. The non-

destructive method will act as an independent way to

validate the value of the chocolate’s modulus and

potentially the assumptions proposed by Bikos et al.

[13] regarding the possible microscopic plasticity that

occurs from the early stages of the chocolate’s

deformation.

Material and methods

Materials

One non-aerated milk chocolate and two micro-aer-

ated chocolate materials of 10% and 15% level of

porosity with typical compositions were provided by

Nestlé Product Technology Centre (NPTC) in York,

UK. The composition of the chocolate samples was

44%wt sugar crystals, 27%wt cocoa fats, 10%wt milk

powders, and 6%wt cocoa solids. In all chocolate

samples, a small percentage (* 0.3%) of sunflower

lecithin was added into the chocolate mixture. For the

detailed information regarding the methodologies of

the manufacturing stages and micro-aeration method

of all chocolate samples, the reader is referred to

Bikos et al. [13, 14].

The geometries that the chocolate samples were

provided were as follows: cylindrical samples of 20

mm diameter and 20 mm height (see Fig. 1a and b)

and rectangular beams of 80 mm length L, 15 mm

width W and 8 mm thickness B (see Fig. 1d and f). To

minimise the barrelling effect due to friction in uni-

axial compression tests, the cylindrical samples were

provided in a diameter to height ratio of 1:1 [36, 37].

The rectangular beam samples were used in the

uniaxial tension and the three-point bending

experiments.

Shorter cylindrical chocolate samples with

dimensions of height, H, of 10 mm and diameter, D,

of 25 mm, as shown in Fig. 1i were used for the

ultrasonic experiments. The shorter cylindrical sam-

ples were selected to capture a higher number of

longitudinal waves.

Experimental methods

Microscopy

A Cryo-SEM stage (ALTO 2011 Gatan, UK) was

connected to the Hitachi S-3400 SEM instrument to

observe the microstructure of chocolate at cryogenic

temperatures close to - 190 �C. The Cryostage was

placed inside the SEM chamber and the chocolate

sample was inserted into the chamber through a prep

chamber using a metallic rod (see Fig. 2). The

chocolate sample was cooled down to - 190 �C in the

prep chamber before being placed inside the SEM

chamber which was also controlled to be at the same

temperature. The cooling of the chamber was

achieved using liquid nitrogen.

At the prep chamber, the surface of the chocolate

sample was fractured using a sharp metallic blade to

remove the excessive ice formation at the surface of

the sample and reveal the inner surface. To eliminate

completely the ice formation, the chocolate sample

was subjected to sublimation. During sublimation,

the temperature of the prep chamber was raised and
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held at - 90 �C for a period of 10 min to melt the ice

crystals on the sample’s surface. Even though the

sublimation time can have a significant impact on the

final sample’s structure for materials with high

moisture content, this was not the case for chocolate

where the water content is relatively low (\ 1%). The

setting temperature of - 90 �C together with the

holding time of 10 min was found to be typical for fat

systems [38] and generally foods [39]. A gold coating

was then applied by sputtering for a period of 60 s.

After the completion of the sputtering, the specimen

was inserted into the SEM chamber for inspection.

Figure 1 Geometries of the chocolate samples used for the

mechanical experiments together with the experimental setups.

The images, which are grouped based on the type of test, show: a a

cylindrical chocolate sample used for the compression

experiments, b the same sample placed between the compression

plates which had PTFE film attached on their surface, c a 15%

micro-aerated chocolate sample at the end of a compression

experiment with macroscopic surface cracks at 45� degrees

denoting shear failure, d rectangular beam chocolate sample

used for the tension experiments, e, the same sample clamped by

the tensile grips f beam chocolate sample used for the three-point

bending experiments, g a 10% micro-aerated chocolate sample

placed on the three-point bending rig, h the three-point testing

configuration testing the compliance of the rig and the indentation

effects of the pin on the chocolate sample, i shorter cylindrical

chocolate sample used for the ultrasonic experiments, and

j illustration of the setup for the ultrasonic experiments.
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Monotonic uniaxial experiments

Monotonic uniaxial compression experiments were

performed for all chocolate materials on a 5584 uni-

versal Instron testing instrument with a 2 kN load

cell. The environmental testing conditions were a

temperature of 20 �C and 50% humidity. These tests

were performed under monotonically increasing

applied strain up to fracture, i.e. up to the instant

when macroscopic cracks throughout the chocolate

sample were observed. Four constant true strain rates

were used, i.e. _e ¼ 0:001 s�1; 0:01 s�1, 0:1 s�1 and

1 s�1, which cover the mastication speed range (0.5

s�1–1 s�1) [40–42]. Before the compression experi-

ments, a thin PTFE film was applied on the com-

pression plates to minimise the friction coefficient at

the chocolate-compression plate interface [36]. Com-

pliance tests were conducted at the same strain rates

by bringing the compression plates in contact with

each other to measure the deflection which is not

associated with the material deformation. The results

showed a minor (less than 5%) effect of the machine

compliance in the computed stress–strain response.

The uniaxial tensile tests were performed on the

same equipment and the same environmental con-

ditions, i.e. temperature and humidity, as the com-

pression tests but this time a load cell of 100 N was

used due to the significantly lower fracture loads

experienced during these tests. The rectangular beam

samples were loaded under the same four true strain

rates as the compression tests until sample separation

occurred. Serrated tensile grips were used to min-

imise any slippage effects and a gauge length of

40 mm was selected. Specimens in dumbbell shape

are the recommended geometry from the ASTM

standards to ensure uniform forces within the gauge

region and avoid premature fracture at the grips.

However, dogbone and dumbbell shapes proved

challenging to manufacture due to the chocolate’s

brittle nature. Therefore, the geometry shown in

Fig. 1d and e was used instead.

Four repeats for each testing rate for all chocolate

materials were employed for both the compression

and tension experiments. Machine compliance

experiments under tension were not performed since

it was argued to have a similarly minor effect on the

stress—strain response as in the compression

experiments.

The true stress, r, and strain, e, for a uniaxial test

(compression/tension) are calculated as follows:

r ¼ F

Ai
ð1Þ

e ¼ ln
Hi

Ho

ð2Þ

where F is the applied force, Hi and Ho are the cur-

rent and original sample height, respectively, and Ai

and Ao the current and the original cross-sectional

area of the sample. The fact that chocolate indicated a

Poisson’s ratio close to 0.49 [13] confirms the

assumption of incompressible behaviour. Based on

this assumption, the current sample cross-sectional

area, Ai, is calculated using Eq. 3:

HiAi ¼ HoAo ð3Þ

For strains lower than 3%, the definition of the true

and engineering stresses and strains exhibits no dif-

ference. However, for strains higher than this

threshold, the true stress–strain definition should be

adopted for a representative set of the stress–strain

data of chocolate. Whilst this threshold was not vio-

lated during tensile experiments, this was not true for

the compression experiments (see results in

Sect. ‘‘Destructive mechanical experiments’’).

The compressive or the tensile modulus under

monotonic conditions is measured from the initial

Figure 2 Images showing the

sample preparation during the

Cryo-SEM experiments.

Image a shows the chocolate

sample glued into the sample

holder which in turn was

connected to the metallic rod.

Image b shows the sample

connected to the rod after it

was cooled to - 190 �C.
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linear part of the true r� e curve adopting Eq. (4). In

the case of loading–unloading conditions, the

Young’s modulus is obtained by the slope of the

initial linear region of the unloading part of r� e
curve:

E ¼ r
e

ð4Þ

Various definitions have been used across the lit-

erature for yield stress because often it is very diffi-

cult to identify the true yield limit. Definitions such

as elastic limit, offset, and cut-off yield point (‘‘plastic

knee’’) are commonly used [43–45]. In this study, the

latter definition is adopted and referred throughout

the text as the macroscopic yield point (or yield

stress/strain).

Three-point bending tests were conducted accord-

ing to the ASTM standards [46] on the rectangular

beam specimens, see Fig. 1f, to compute the flexural

modulus of all types of chocolate. The chocolate was

loaded in a three-point bending setup (see Fig. 1g) on

a 5584 Instron with a load cell capacity of 100 N and

testing conditions of 20 �C temperature and 50%

humidity.

According to the ASTM standards, the suggested

ratio of length span, Lspan, to thickness, B, should be

either 16:1 or 32:1. At these ratios the shear defor-

mation, which can affect the measurements of the

flexural modulus, is eliminated. However, the sug-

gested ratios compromised the quality of the moul-

ded chocolate samples, leading to non-flat geometries

with a slight bend. Therefore, a lower ratio of 8:1

(Lspan = 64 mm) was selected. Higher ratios of length

span to thickness are usually recommended for

polymers with laminar structures where the out of

plane shear strength is low and the shear deforma-

tion cannot be neglected. However, using the

Timoshenko beam theorem, the shear contribution to

the total deflection of the beam will be measured

here, as described later in this section.

For a material with a rate-dependent behaviour,

the material properties extracted from a three-point

bending experiment are only comparable to the

compressive/tensile properties if the monotonic tests

are performed under the same testing speeds and

same environmental conditions. Based on the ASTM

standards for synthetic polymers [46], Eq. (5) should

be adopted to ensure the same strain rate is utilised

for all monotonic tests.

_d ¼
L2
span

6B
_emax ð5Þ

where _d is the crosshead speed of the loading pin and

_emax is the required maximum true strain rate at the

top or bottom of the cross section of the beam. It is

noted that Eq. (5) does not consider any shear con-

tribution to the material’s deformation.

Force–displacement data were recorded at three

constant crosshead speeds of 0.085 mm s�1, 0.85

mm s�1 and 8.5 mm s�1. These speeds correspond to

equivalent maximum strain rates of 0.001 s�1, 0.01

s�1, and 0.1 s�1 as the ones from the compression and

tension tests, see Eq. (5). The speed of 85 mm s�1

which corresponds to the strain rate of 1 s�1 exceeded

the maximum speed limit of the testing instrument

and, therefore, was not possible. Four repeats for

each testing speed for all chocolate materials were

employed for these tests. In all cases, the error bars

were computed to represent the entire range of the

force–displacement data amongst each repeat.

In addition, a correction of the load–deflection

curve was performed to consider any possible

indentation of the loading pin and the supports into

the chocolate as well as eliminate any machine com-

pliance effects. To make the correction, the support

pins were moved together to the mid-span below the

loading pin as shown in Fig. 1h, and the chocolate

was loaded up to the same force threshold as the

three-point bending experiments and the same

crosshead speeds. The deflection obtained by the

experiment shown in Fig. 1h is subtracted by the

deflection measured by the experiment of Fig. 1g, as

described in detail by ASTM standards for synthetic

polymers [46]. This correction requires that the

deflection measurements in both experiments corre-

spond to the same load threshold.

The flexural modulus of a material was measured

using the slope P
db

in the initial linear region of the

load–deflection curve:

EFlexure ¼
PL3

span

4dbWB3
ð6Þ

where P is the mid-point load and db is the mid-point

displacement due to bending.

Based on the Bernoulli–Euler beam theory, the

shear contribution to the material’s deformation is

considered negligible. To account these effects, the

Timoshenko beam theory needs to be employed
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where the total elastic deflection, dt, for a beam under

bending, consists of the elastic deflection due to

flexure db and the elastic deflection due to shear ds
and is described as follows:

dt ¼ db þ ds ð7Þ

Implementing the deflection of the beam due to

shear, the elastic deflection due to flexure db is given

by [47]:

db ¼ dt �
lsPLspan

4GA
ð8Þ

where G is the shear modulus, A is the cross-sectional

area, and ls is a shape factor, which for a rectangular

beam is 1.2 [47]. A value for dt is obtained by the

three-point bending experiments. In that way, db is

obtained using the load–deflection data from the

experiments and substituted in Eq. (6). The shear

modulus is obtained from the following equation:

G ¼ E

2 1 þ vð Þ ð9Þ

where E is assumed to be EFlexure for a given testing

speed and v is the Poisson’s ratio which for the non-

aerated and the two micro-aerated chocolates was

found to be of 0.49 and 0.47, respectively [13].

In cases where Ecompression 6¼ Etension, the experienced

strain rates at the surfaces of the sample are affected,

as is the position of the neutral axis (Fig. 3). This

results to a discrepancy in the maximum strain rates

and Eq. (5) is no longer valid. The stress and strain

distributions under flexure conditions are illustrated

in Fig. (3). To address this, the methodology pre-

sented by Mujika et al. [48] is adopted here.

Mujika et al. [48] proposed methods to calculate

Ecompression and Etension of unidirectional composites

performing flexural experiments, either three-point

or four-point bending, in cases where the two moduli

are not equal. Employing a modified classical beam

theory, the following relationship was formulated

associating EFlexure and Etension:

EFlexure ¼
4

1 þ
ffiffiffi

k
p� �2

Etension ð10Þ

where k is the ratio of Etension over Ecompression. For the

computation of the ratio k in this study, the moduli

obtained from the loading–unloading experiments

described in Sect. ‘‘Loading–Unloading experiments’’

using the initial linear portion of the unloading part

of the curve was employed. This was attributed to the

fact that inelastic effects during the early stages of the

material’s deformation were observed [13, 14].

Since in this study the compressive and tensile

moduli are already computed from uniaxial com-

pression and tension experiments, respectively,

Eq. (10) was used to assess the agreement to the

flexural modulus obtained from the destructive

three-point bending experiments, see Eq. (6).

Based on Mujika et al. [48], the material thickness

under compression, Bcompression, and tension, Btension,

during three-point bending conditions can be com-

puted using:

Btension ¼
B

1 þ
ffiffiffi

k
p ð11Þ

Bcompression ¼
B

ffiffiffi

k
p

1 þ
ffiffiffi

k
p ð12Þ

Figure 3 Schematic showing the distribution of the compressive, in blue colour, and tensile distributions, in red colour, in terms of strains

and stresses across the thickness, B, of the chocolate sample.
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where B is the total thickness of the beam specimen,

see Fig. 1f.

The maximum tensile strain, etmax, and stress, rtmax,

are given by:

etmax ¼
rtmax

Etension

ð13Þ

rtmax ¼
M

bI
Btension ¼

PLspan
b4I

Btension ð14Þ

where I is the second moment of area, and b is the

ratio equal to 4= 1 þ
ffiffiffi

k
p� �2

.

Similarly, the compressive maximum stress, rcmax is

given by:

rcmax ¼
M

kbI
Bcompression ¼

PLspan
kb4I

Bcompression ð15Þ

Combining Eqs. (6), (10), (13), and (14), the fol-

lowing equation is derived for the maximum strain at

the bottom surface of the beam:

etmax ¼
12Btension

L2
span

db ð16Þ

Equation (16) can be used to calculate the maxi-

mum compressive strain at the top surface, ecmax, of

the beam if Btension is substituted by Bcompression. Equa-

tion (16) reduces to Eq. (5) when it is differentiated

with respect to time and assuming that the neutral

axis is at the centre of the beam, and hence,

Btension ¼ B=2.

Once the location of the neutral axis is defined

using Eqs. (11) and (12), the maximum tensile strain

rate at the bottom of the chocolate beam during three-

point bending conditions can be calculated by dif-

ferentiating Eq. (16) (and similarly for the maximum

compressive strain rate at the top of the chocolate

beam). This methodology was performed for all

chocolate porosities, i.e. 0%, 10%, and 15%.

It should be noted that Eqs. (13)–(15) correspond to

the engineering stresses and strains (as opposed to

true stresses and strains) under flexure. However,

this is argued not to be an issue since the maximum

applied strains calculated by Eq. (16) led to strains

well below the 3% limit. Therefore, the stress–strain

data obtained using this methodology are compara-

ble to the data obtained from the compression and

tension experiments.

Finally, the Hashin–Shtrikman upper bound was

employed to provide a comparison between the

analytical and experimental values of the Young’s

modulus of chocolate as a function of porosity. Based

on the Hashin–Shtrikman analytical model, the bulk

modulus k and shear modulus G of the porous

chocolate are calculated as:

k ¼ 4 1 � fð ÞkmGm

4Gm þ 3fkm
ð17Þ

G ¼ 1 � fð Þ 9km þ 8Gmð ÞGm

4Gm 2 þ 3fð Þ þ 3km 3 þ 2fð Þ ð18Þ

where f , km, and Gm are the porosity, bulk and shear

modulus of the chocolate. The Young’s modulus, E, is

then calculated by:

E ¼ 9kG

3kþ G
ð19Þ

In this study, the Young’s modulus calculated from

Eq. (19) for different values of porosity is compared

against an average value of Young’s modulus mea-

sured from the different types of mechanical experi-

ments for each type of chocolate.

Loading–unloading experiments

For various soft foods, such as cheese and dough, no

clear initial linear region is observed in the r� e
curve [36, 49], and therefore, the calculation of the

Young’s modulus is assumed to be subjective. In

biomaterials, such as bones, even though they exhibit

a clear linear initial region, the Young’s modulus is

suggested to be quoted from loading–unloading

curves and specifically from the initial linear part

during unloading [50, 51]. For this reason, loading–

unloading tests in compression mode at a constant

true strain rate of 0.01 s�1 were performed for dif-

ferent maximum applied strain values.

In the case of the non-aerated chocolate, three

maximum applied strains were arbitrary selected as

0.015, 0.025, 0.045 followed by a strain removal until

the zero-force position. On the other hand, the two

micro-aerated chocolate samples were subjected to

two maximum strains of 0.01, 0.025 for 10% and 0.04,

0.025 for 15% porosities. All selected strain thresholds

were arbitrary selected, except for one strain thresh-

old for each chocolate variety which was selected to

within the initial linear region based on preliminary

loading–unloading experiments. Strain rates higher

than 0.01 s�1 were not employed due to limitations

observed from the instrument in effectively
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controlling the motor to reach the target strain.

Loading–unloading tests were repeated at a slower

strain rate of 0.001 s�1 and the same strain levels as

the tests at 0.01 s�1 to investigate any rate depen-

dence of the Young’s modulus evaluated from the

unloading slopes.

Similarly, loading–unloading tests in tension mode

were conducted on the same types of chocolate under

smaller maximum applied strains than in the com-

pression tests due to the smaller fracture strains

experienced under tensile load. Based on preliminary

experiments, there was no permanent deformation

prior to failure in tension, and therefore, the strains

were limited to within the initial linear region of the

stress–strain curve. The 0% and 15% micro-aerated

chocolate samples were loaded up to a maximum

strain of 0.0007 at a constant strain rate of 0.01 s�1,

followed by a removal of the applied strain to the

zero-force position. The 15% micro-aerated chocolate

was loaded up to a strain of 0.0005. Four repeats were

used for each chocolate sample for each type of

experiment.

In the case of the non-aerated chocolate, the load-

ing–unloading experiments in flexure were per-

formed using two maximum deflections of 0.2 mm

and 0.3 mm at a constant speed of 0.85 mm s�1,

which is equivalent to the strain rate of 0.01 s�1 in

compression and tension, followed by a load reversal

to the zero-force position. On the other hand, the 10%

and 15% chocolate were deformed to maximum

deflection levels of 0.15 mm and 0.2 mm under 0.85

mm s�1. All experiments were repeated three times

for each porosity and each testing condition. Com-

pliance tests were also employed to estimate the true

load–deflection curve in all cases.

Non-destructive ultrasonic tests (NDT)

Ultrasonic experiments were employed on the 0%,

10%, and 15% porosity chocolate, to calculate the

Young’s modulus and compare it against the one

calculated from the various destructive mechanical

experiments described in Sect. ‘‘Monotonic uniaxial

experiments’’ and ‘‘Loading–Unloading

experiments’’.

A typical setup for ultrasonic experiments consists

of an ultrasonic wave transducer, see Fig. 1j, which is

connected in an ultrasonic pulse-receiver connected

in turn to a digital oscilloscope. To enhance the

quality of the experimental measurements, ultra-

sound transmission gel was applied between the

chocolate sample and the transducer, see Fig. 1j. The

gel was used to enhance coupling between the

transducer and the chocolate; its acoustic impedance

is more closely matched to both the chocolate and the

transducer than any trapped air which could other-

wise exist at the interface. A frequency of 1 MHz was

used for these experiments. This selected frequency

was found to create the clearest wave signal based on

preliminary experiments (results not shown). The

environmental conditions were selected to be the

same as the destructive mechanical tests, i.e. tem-

perature of 20 �C and relative humidity of 50%. All

experiments were repeated twice.

A typical amplitude–time graph in the case of non-

aerated chocolate is shown in Fig. 4. The graph con-

sists of three main pulses, the excitation pulse pass-

ing through the transducer, the first and the second

ultrasound waves passing through the chocolate

sample. The time between two maximum peaks

between two consecutive waves constitutes the Time

of Flight (ToF) which depends on the material’s

elastic properties and is used to calculate the ultra-

sound velocity, c. The ratio between the maximum

amplitudes, e.g. A0 and A1 see Fig. 4, between con-

secutive ultrasound waves is the attenuation, which

is another characteristic of the ultrasound wave, but

not within the scope of the present study.

The ultrasound velocity, c, is calculated from:

Figure 4 Typical amplitude-time plots for the non-aerated

chocolate showing the excitation pulse, the first and the second

ultrasonic pulse, and the definition of the time of flight (ToF)

when passing through the sample. A0 and A1 are the maximum

amplitudes of the first and second ultrasound waves, respectively.
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c ¼ 2H

ToF
ð20Þ

where H is the height of the material.

The wavelength of sound, ku, is associated with the

ultrasound velocity, c, and the applied frequency

from the transducer, ft, as follows:

ku ¼ c

ft
ð21Þ

The adiabatic bulk modulus or the primary wave

(p-wave) modulus, Bp; for a three-dimensional solid

can be calculated from the ultrasonic experiments

and is related to c and the material’s density, q, as

follows [52, 53]:

Bp ¼ c2q ð22Þ

The Young’s modulus, E, is linked to Bp, through

the Poisson’s ratio, v; as follows:

E ¼
Bp 1 � 2vð Þ 1 þ vð Þ

1 � vð Þ ð23Þ

Equation (23) is used to convert the adiabatic bulk

modulus measurements to Young’s modulus. The

resulting data are compared against the Young’s

modulus values obtained from the destructive

mechanical tests.

Experimental results

Scanning Electron Microscopy experiments

Figure 5 shows the microstructure of the non-aerated

(Fig. 5a and c) and the 10% micro-aerated chocolate

(Fig. 5b and d) samples through the cryostage scan-

ning electron microscope (cryo-SEM) under different

magnifications. At both magnifications, a large

number of irregular shaped particles, depicted in red

arrows in the figure, are dispersed in the chocolate

matrix, i.e. the cocoa butter. Based on the relatively

high volume fraction of sugar particles (* 50%), it is

assumed that these are predominantly sugar

particles.

From Fig. 5c and d, the micro-pores, which exhibit

an average size of 40 lm [13, 14] and thus similar in

size to the rest of the constituents in chocolate [9, 54],

are randomly dispersed in the chocolate matrix. No

pore agglomeration was observed from the micro-

scopy images. For all porosities, a few random cracks

were observed at the interface of the constituents, e.g.

at the hard particles or at the pores’ interfaces.

However, these cracks are consistent with reports

from the literature [21] and are not responsible for

any potential difference in material properties

amongst the different types of chocolate.

Figure 5 Microscopy images

through the Cryostage SEM

for the non-aerated (0%) and

the 10% micro-aerated (10%)

chocolate under different

magnifications. Images show

the microstructure of a the 0%

chocolate at

500 9 magnification, b 10%

chocolate at

500 9 magnification, c 0% at

1000 9 magnification, and

d 10% at

600 9 magnification. The red

arrows in all images depict the

hard particles, possibly sugars,

cocoa and milk solids

dispersed in cocoa butter.
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Destructive mechanical experiments

Figure 6a–c shows the combined stress–strain plots

extracted from the monotonic uniaxial compression

and tension experiments. Based on these plots,

chocolate cannot withstand high tensile stresses and

fractures at significantly lower strains compared to

the fracture strains in compression. Therefore, a

brittle fracture with no significant plasticity under

tensile loads can be assumed for all chocolate

materials, a behaviour which is reported for other

brittle materials such as concrete and cast iron [55].

On the other hand, a clear shear failure model was

observed for all chocolate varieties during compres-

sion, as denoted by the shear bands at 45� degrees.

Comparing the stress–strain response between

compression and tension, the difference in the max-

imum stress point at the highest _e (1 s-1) is approxi-

mately 340%, 410%, and 480% for the 0%, 10%, and

15% micro-aerated chocolate, respectively. Therefore,

Figure 6 Monotonic uniaxial mechanical tests for all chocolate

materials under different modes of deformation, i.e. compression,

tension, and flexure. The graphs show: the combined stress–strain

data from compression and tension in the case of the a non-aerated

(0%), b 10% micro-aerated, c 15% micro-aerated chocolate. The

load–deflection data obtained from the three-point bending

experiments in the case of the d non-aerated (0%), e 10%

micro-aerated, and f 15% micro-aerated chocolate. The

micrographs in plots (a), (b), and (c) are magnified images of

the tensile r–e curves and the circles indicate the macroscopic

compressive yield point.
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this difference between the two modes of deforma-

tion rises with increasing porosity. This is caused by

the presence of the pores in the two micro-aerated

chocolates which enhance the brittle nature of the

material. Such differences have been reported for

other materials such as concrete where differences up

to an order of magnitude were reported [8, 56]. Dif-

ferences of similar magnitude have been observed for

other particulate composites, metallic and non-

metallic, where the tensile strength was found to be

100% lower than the compressive strength [57] and

even a magnitude higher for certain polymeric com-

posites [58]. In addition, no severe discontinuity is

observed in the origin of all graphs presented in

Fig. 6a–c, with the tensile modulus being higher than

the compressive modulus by 35% for the 0% choco-

late. This difference decreases with increasing micro-

aeration.

Figure 6d–f shows the average load–deflection

response for all three chocolate materials under three

different testing speeds of 0.085 mm s-1,

0.85 mm s-1, and 8.5 mm s-1. A nonlinear load–de-

flection response was observed in all cases. It was

unclear from the macroscopic observation of the

fractured surfaces whether this nonlinearity is caused

by plastic deformation. This is because the two frac-

tured sample pieces perfectly matched when they

were placed together after the bending experiment.

However, computations of the critical bending load

where material will start yielding either in tension

(see Eq. 14) or compression (see Eq. 15) showed

permanent plastic deformations prior to fracture in

the tensile part of the cross section. More specifically,

the values of the tensile fracture stress (see Fig. 7b)

and compressive yield stress (see Fig. 7a) at maxi-

mum strain rates of 0.001 s-1, 0.01 s-1, and 0.1 s-1

were employed in Eqs. 14 and 15 to find the critical

loads where material is expected to yield at corre-

sponding testing speeds of 0.085 mm s-1,

0.85 mm s-1, and 8.5 mm s-1, respectively. Regard-

less of the testing speed and the type of chocolate,

plastic deformations are expected at the bottom part

of the chocolate beam where tensile loadings occur.

Therefore, the computation of the flexural stress–

strain curves was not straightforward and hence, not

included in this work. Since the bending events are

believed to be insignificant during the first bite con-

ditions, the computation of the flexural stress–strain

data was found to exceed the scope of the current

study.

In the case of the three-point bending, the scatter

amongst the replicate tests is shown because a higher

variability (\ 10%) amongst the samples was

observed as opposed to the compression and the

tensile experiments, which showed little scatter, and

hence, no error bars are displayed. Specifically, a

maximum difference of 9% is observed amongst the

replicates in the case of the non-aerated chocolate,

whilst the repeats for the 10% and 15% micro-aerated

samples showed a variation of 7% and 9%, respec-

tively. The error bars with the highest magnitude are

shown in Fig. 6d–f for each chocolate. These differ-

ences refer to the corrected load–deflection curves

after considering potential indentation or/and

machine compliance effects. The corrected deflection

measurement (see Fig. 1h) was found to be around

25% lower than the ones measured by the instrument

(see Fig. 1g). The machine compliance and indenta-

tion, hence, were found to have a higher impact on

three-point bending experiments than the compres-

sion experiments. The higher correction observed in

the flexure experiments was attributed to the inden-

tation effect of the loading pins onto the surface of the

chocolate samples. The shear effect (see Eq. 8), on the

other hand, was found to correspond to a correction

of 5% in stiffness (0% chocolate, 8.5 mm s-1) which is

lower than the experimental error bars, and therefore,

the shear contribution to the bending behaviour of

chocolate is negligible.

The flexure load increases nonlinearly, up to a

maximum load followed by a drop to zero load,

implying complete fracture of the surfaces. At the

lowest testing speeds, the cracked surfaces remained

in contact, implying the presence of an adhesion force

that holds the two cracked surfaces together, even

when the samples reached the zero-force position. No

clear dependence of the deflection on fracture and

testing speed was reported. On the other hand, a

clear decrease in the maximum force with decreasing

testing speed was depicted for all types of chocolate.

Figure 7a and b shows the compressive macro-

scopic yield stress plotted as a function of _e (see cir-

cles in Fig. 6a–c), along with the fracture stresses

(maximum stress points in Fig. 6a–) in compression

and tension for all types of chocolate. No significant

rate-dependent behaviour can be assumed for frac-

ture stress under tensile conditions for all porosities.

On the contrary, the compressive macroscopic yield

stress and compressive fracture stress data exhibit

rate-dependent behaviour. Moreover, a decrease in
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the stress data, either yield or fracture, with increas-

ing porosity is depicted for all testing rates. The latter

is aligned with reports on other porous materials

[59–62]. On the other hand, Fig. 7c and d presents the

compressive macroscopic yield strain data as a

function of strain rate (Fig. 7c), together with the

fracture strains (Fig. 7d) under compressive and

tensile conditions. No clear rate-dependency can be

assumed for yield strain (see Fig. 7c) for the non-

aerated chocolate, as opposed to fracture strains in

compression for the same material (see Fig. 7d),

which exhibit decreasing trends with strain rate as

expected. On the other hand, a clear increasing and

decreasing trend of yield (see Fig. 7c) and fracture

strains (see Fig. 7d) in compression with rate,

respectively, are observed for both micro-aerated

materials. Interestingly, fracture strains in compres-

sion and tension exhibit opposite trends, i.e.,

decreasing vs increasing trends, with strain rate. This

is true for all types of chocolate. The drastic differ-

ence between tensile and compressive fracture

strains, shown in Fig. 7d, agrees with the literature

stating that materials fracture due to tension under

multiaxial loadings [20].

In polymers, yielding occurs due to the sliding of

the molecules in the polymeric chain whilst metals or

other engineering materials this phenomenon is

caused by the dislocations of grains causing inelastic

deformations. It is argued here that chocolate could

show a combination of both of these deformation

mechanisms. Cocoa butter inside the chocolate con-

sists of large chains of triacylglycerols but also exhi-

bits hard particles such as cocoa solids and sugar

crystals. The microscopic movement of these hard

particulates could also cause inelastic phenomena,

i.e., yielding.

Figure 8a–c summarises the stress–strain plots

extracted from the loading–unloading tests in com-

pression. Overall steeper slopes in the linear part of

the unloading path compared to the ones obtained

from the initial linear part of the curve corresponding

to the loading stage. This is an indication of vis-

coelastic effects or other energy dissipation mecha-

nisms, or potentially a microstructural movement.

This effect will be further discussed shortly when the

Figure 7 Graphs summarising the yield and fracture data from

compression and tension experiments for all types of chocolate.

Image a shows the macroscopic compressive yield stress as a

function of rate for the 0%, 10% and 15% micro-aerated chocolate,

b shows the fracture stress data in compression and tension

(double vertical axis) for different types of chocolate, c the

macroscopic yield strain–strain rate plot for all types of chocolate,

and d the strains at fracture, both in compression and tension

(double vertical axis), in relation to the strain rate.
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Young’s modulus obtained from the different

mechanical experiments is presented.

The stress–strain plots obtained from the cyclic

tests in tension are summarised in Fig. 8d–f. For all

tested materials, when small elastic strains of 0.0007,

0.0007 and 0.0005 were applied to the 0%, 10% and

15% porosity chocolate, respectively, and then

removed, the loading and unloading paths did not

coincide as would be expected for linear elastic

materials. Even when time was allowed after com-

pletion of the compression tests, the tested samples

did not return to their original height implying sig-

nificant permanent deformations. This implies that

significant inelastic permanent strains are experi-

enced in these materials, even though the samples

were loaded to well within the initial linear region of

the stress–strain curve.

Such inelastic phenomena from the early stages of

mechanical deformation have been reported in the

past for other materials, such as fats, bones, and other

biopolymers [50, 51, 63, 64]. Based on such indica-

tions, the elastic modulus should be quoted from the

linear region of the unloading part of the curve. The

reason is that in highly dissipative materials, it is not

always clear which portion of the curve is recoverable

and directly linked to the material’s elasticity. More

specifically in fats, plastic structural movements of

the microstructural features occur which leads to

inelastic effects from the beginning of the material’s

Figure 8 Loading–unloading

uniaxial mechanical tests for

different chocolate varieties

under compression and tensile

conditions. The graphs show:

the stress–strain data from the

loading–unloading

experiments in compression

for the a non-aerated (0%),

b 10% micro-aerated, and

c 15% micro-aerated

chocolate, and in tension for

the d non-aerated (0%), e 10%

micro-aerated, and f 15%

micro-aerated chocolate.
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deformation. Therefore, similar arguments are posed

here for chocolate.

The load–deflection graphs from the loading–un-

loading experiments in the three-point bending for all

types of chocolate are presented in Fig. 9. In contrast

to the loading–unloading tests in compression and

tension, the slope at the two parts of the curves,

which is the initial linear region during loading and

unloading, seems to be very similar in most cases,

especially for the 0% and 10% porosities. A clear

difference was observed in the two slopes for the 15%

micro-aerated chocolate, see Fig. 9. This effect implies

smaller permanent deformations during flexure as

opposed to the tensile and compression data shown

in Fig. 8.

Comparison of Young’s modulus amongst
different deformation modes

For a quantitative comparison, the Young’s modulus

measured from the various destructive mechanical

tests together with the modulus measured from

ultrasound experiments is summarised in Figs. 10,

11, and 12, for the non-aerated, the 10% micro-aer-

ated, and 15% micro-aerated chocolate, respectively.

For a valid comparison, the results from all materials

are compared at a strain rate of 0.01 s-1, where there

are available data for all types of tests, monotonic and

cyclic and for every mode of deformation, tension,

compression, and flexure, as well from ultrasound

testing (NDT). The Young’s modulus during load-

ing–unloading in compression and tension is also

presented at a constant strain rate of 0.001 s-1 to

highlight any potential rate-dependent effects of the

elastic modulus.

It is important to highlight that the Young’s mod-

ulus obtained from ultrasonic experiments is not

directly equivalent to the testing strain rates from the

destructive mechanical experiments. For the sake of

comparison between the modulus values from the

two types of experiments, destructive and non-de-

structive, the Young’s modulus from the ultrasonic

experiments was assumed to be independent of fre-

quency for all chocolates. This argument was found

to have merits based on preliminary results on the

tested materials with varying applied frequency from

1 to 5 MHz (results are not shown).

Figure 10 summarises the Young’s modulus values

for the non-aerated chocolate which are obtained

from mechanical tests, destructive and non-destruc-

tive for various deformation modes and loading

histories. Based on the same figure, the modulus data

obtained from monotonic experiments such as ten-

sion and compression are significantly lower than the

rest of the data due to early inelastic effects during

the first loading cycle. Interestingly, the flexural

Figure 9 Typical load–

deflection plots from loading–

unloading three-point bending

test for all chocolate materials

at a constant speed of _d ¼
0.85 mm s�1. Plots show load

deflection data of the: a non-

aerated chocolate

(dmax ¼ 0:25 mm), b the 10%

micro-aerated chocolate

(dmax ¼ 0:25 mm), c 15%

micro-aerated chocolate

(dmax ¼ 0:15 mm).
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Figure 10 Average values of Young’s modulus for the non-

aerated chocolate obtained from different mechanical experiments;

tension, compression, loading–unloading (L–U) in compression,

tension and flexure, three-point bending and ultrasound (NDT).

Flexural modulus is calculated using Eq. (6) for both the

monotonic and L-U tests. The labels depict the average values.

Figure 11 Average values of Young’s modulus for the 10%

micro-aerated chocolate obtained from different mechanical

experiments; tension, compression, loading–unloading (L–U) in

compression, tension, and flexure, three-point bending, and

ultrasound (NDT). Flexural modulus is calculated using Eq. (6)

for both the monotonic and L–U tests. The labels depict the

average values.

Figure 12 Average values of Young’s modulus for the 15%

micro-aerated chocolate obtained from different mechanical

experiments; tension, compression, loading–unloading (L–U) in

compression, tension and flexure, three-point bending, and

ultrasound (NDT). Flexural modulus is calculated using Eq. (6)

for both the monotonic and L–U tests. The labels depict the

average values.
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modulus from the monotonic three-point bending

tests is relatively close to the modulus values

obtained from the loading–unloading tests in com-

pression and tension but also the ultrasound

experiments.

The compressive modulus at _e=0.01 s-1 from the

loading–unloading experiments (465 MPa) is smaller

than the one predicted from tensile loading–unload-

ing tests (628 MPa) and smaller than the flexural

modulus (688 MPa), which in turn is of similar value

to the modulus from the NDT tests (653 MPa).

Adopting this order in the modulus values from the

various mechanical tests, the differences in the

Young’s modulus between each type of test are

approximately 35%, 10%, and 5%, respectively. This

difference in moduli amongst the different mechani-

cal tests decreases at the slowest strain rate of 0.001

s�1, i.e. 0.6%, 36%, and 3.5%, see Fig. 10. In addition,

the values of Young’s modulus between three-point

bending tests under monotonic and loading–un-

loading deformation are in good agreement.

The fact that the Young’s modulus of the non-aer-

ated chocolate between compression and tension

differs creates an asymmetric effect in the maximum

strains under three-point bending conditions. This

asymmetric effect leads to strain rates which might be

different than the one applied, i.e., 0.01 s-1. Adopting

the methodology presented in Sect. ‘‘Microscopy’’,

the strain rates due to this asymmetric effect can be

computed. For the non-aerated chocolate, the maxi-

mum strain rates deviated from the applied strain

rate of 0.01 s-1 only by 10%, which led to the con-

clusion that the comparison amongst the modulus

values from the mechanical tests, i.e., compression,

tension, and flexure, at a strain rate of 0.01 s-1 was

valid. This was found to be true also for the two

micro-aerated materials. Based on Fig. 10, a clear

rate-dependency in the Young’s modulus is only

observed by the three-point bending tests whilst the

monotonic tests for all testing rates and the loading–

unloading tests in compression and tension, at least

at the two slowest rates, do not depict such a time-

dependency.

Figure 11 summarises the Young’s modulus for the

10% micro-aerated chocolate. A similar trend to the

one shown in the non-aerated chocolate is also indi-

cated. The Young’s modulus at 0.01 s-1 is almost the

same obtained by the three-point bending, loading–

unloading in tension, and the NDT experiments. The

differences for this porosity amongst loading–un-

loading in compression vs three-point bending vs

loading–unloading in tension vs NDT experiments, is

33%, 3%, and 1%, respectively. The moduli obtained

from the monotonic and loading–unloading tests in

flexure are in agreement, as shown in the same fig-

ure at 0.01 s-1.

The Young’s modulus for the 15% micro-aerated

chocolate obtained from the various mechanical tests

is shown in Fig. 12. Examining the data at a strain

rate of 0:01 s�1, a smaller discrepancy in the moduli

from all types of experiments is shown compared to

the other two chocolate materials. Specifically, a

Young’s modulus of 350 MPa, 350 MPa, 371 MPa, and

360 MPa was computed from loading–unloading

experiments in compression, three-point bending,

loading–unloading in tension, and NDT experiments,

respectively. The maximum differences in the mod-

ulus values from these tests is 6% and the compres-

sive (L-U) and flexural modulus match perfectly.

However, a significant difference (* 35%) in the

modulus data as obtained from monotonic and

loading–unloading flexure experiments is depicted,

see Figs. 9c and 12.

Comparing the results of Figs. 10, 11, and 12,

micro-pores are believed to eliminate any differences

observed amongst the Young’s modulus values from

the different modes of deformation, i.e. tension (L-U),

compression (L-U), and flexure, creating a material

with a single stiffness value under any loading con-

dition. More specifically, the micro-pores, when they

are high enough by volume fraction, might be able to

disrupt the microstructural movement of the various

components found in the chocolate, which is argued

earlier in this section to be dependent on the mode of

deformation. However, the mechanism which creates

the non-aerated chocolate’s stiffness to change under

different loading conditions remains unknown. In-

situ mechanical tests in a scanning electron micro-

scope (SEM) might shed further insight into the

microstructural differences under varying loading

conditions.

The difference in the elastic modulus from differ-

ent modes of deformation has been widely reported

in the literature for other materials such as bones,

tissues, and polymers [33–35, 65–67]. Although such

observations have been noted in the past, no work,

based on the author’s knowledge, has provided the

cause of such discrepancies. One possible explanation
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for this phenomenon is a potential complex

microstructural movement which varies for different

modes of deformation, i.e., tension, compression, and

flexure.

A possible cause of this microstructural movement

and the asymmetry amongst the modes of deforma-

tion could be due to the macromolecular chain

structure of the cocoa butter. The way the load

transfers within these fat structures under different

deformation directions might create different beha-

viours. The micro-pores being considered as inclu-

sions with no reinforcement might disrupt the long

fat chain structures within cocoa butter and conse-

quently lead to the differences observed under the

different loading conditions. A similar explanation

has been reported by Zeybek and Kaynak [67] on

their study on synthetic polymers. These findings

further confirm the argument that micro-pores inside

the chocolate suspension hinder the inelastic/vis-

coelastic effects in the micro-aerated chocolate.

Due to the microstructural movement observed at

the beginning of the experiments resulting in inelastic

effects, the Young’s modulus of chocolate should be

computed from the linear part of the unloading

regime in the stress–strain curve. It is important to

highlight that an ultrasonic or a three-point bending

experiment does not seem to suffer from the

microstructural movement effect, providing a good

indication of the chocolate’s Young’s modulus. This

is true for all chocolate samples regardless of the level

of porosity. The reduced microstructural effect

observed during flexure experiments (especially in

0% and 15% chocolate) might be caused due to the

fact that a smaller portion of the material is deformed

in this test compared to the other two modes of

deformation.

Figures 10, 11, and 12, depict that the Young’s

modulus exhibits a minor dependency on the rate.

This dependency is almost eliminated for the 15%

micro-aerated chocolate, except for the modulus

predicted by the three-point bending experiments.

This phenomenon suggests that the material exhibits

a viscoplastic material behaviour where the rate

dependency is mainly observed in the macroscopic

plastic region (see Fig. 6a–c). An exception to this

observation regards the data obtained from the three-

point bending tests where rate dependency is

observed throughout the load–deflection response.

The ultrasound velocity and the wavelength of

sound in the case of the non-aerated, 10%, and 15%

micro-aerated chocolate calculated using Eqs. (20)

and (21) are summarised in Table 1. Based on the

same table, a decreasing trend of c with increasing

porosity is depicted, which is common for porous

materials [68], and generally, ultrasound methods are

known to be sensitive to the presence of voids. The

values of the wavelength of sound for all types of

chocolate are found to be in the scale of a couple of

millimetres which is approximately two orders of

magnitude larger than the size of microscopic fea-

tures found in the micro-aerated chocolate such as

the sugar and cocoa particles but also the micro-pores

(* 40 lm). This suggests that the Young’s modulus

measured by the ultrasound experiment is the effec-

tive Young’s modulus of micro-aerated chocolate and

is of comparable value to the destructive mechanical

experiments. However, in cases where the material

contains larger pores at a scale similar to the mea-

sured wavelength, this agreement between the flex-

ural modulus and the Young’s modulus obtained by

the ultrasound measurements might be violated.

The data of flexural modulus, which are computed

from the monotonic three-point bending experiments

(using Eq. 6), and the data obtained from Eq. (10), are

summarised in Fig. 13 for all types of chocolate and

two testing speeds. The tensile modulus, which is

used to calculate the flexural modulus in Eq. (10), is

computed from the initial linear portion of the

unloading part of the stress–strain curve from the

loading–unloading tensile experiments. Similarly, the

compressive modulus, which is used to calculate the

constant k, is obtained from the loading–unloading

experiments in compression. The flexural modulus

obtained from Eq. (10) (see Fig. 13 the red coloured

values) is in good agreement with the values mea-

sured from the three-point bending experiments for

the 15% micro-aerated chocolate, i.e.\ 3% difference.

In the case of the 0% and 10% micro-aerated

chocolate, the flexural modulus using Eq. (10) was

found to be somewhat lower than the one measured

Table 1 Ultrasound velocity and wavelength of the non-aerated,

10% and 15% micro-aerated chocolate at a constant frequency of

1

Chocolate 0% 10% 15%

Velocity c [ms-1] 2580 1700 1200

Wavelength ku [mm] 2.58 1.70 1.20
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from the experiments, by 22% and 16% for the 0%

and 10% micro-aerated chocolate, respectively. This

difference might be caused by the fact that no sig-

nificant microstructural movement is observed dur-

ing the three-point bending experiments as opposed

to the uniaxial compression and tension tests.

Therefore, when the flexural modulus of chocolate is

computed using Eq. (10), considering the tensile and

compressive moduli from the respective experiments,

significant errors are observed. Whereas, in the case

of the 15% micro-aerated chocolate, the inelastic

microstructural movements are diminishing, and

hence, the results of the two methods match per-

fectly. The agreement between the two methods in

the case of the 15% micro-aerated chocolate gives

further confidence in all the performed mechanical

tests.

Mujika et al. [48] reported that the difference

between the tensile modulus computed from Eq. (6)

and the direct tensile experiment lie within 5% for

unidirectional composites. However, this difference

seems to increase drastically when the methodology

is applied to multiphase materials, such as choco-

lates, which exhibit complex microstructural move-

ments under tensile and compressive modes of

deformation.

The average values of Young’s modulus obtained

from the loading–unloading experiments in com-

pression and tension, the three-point bending tests,

and the ultrasonic experiments, are summarised in

Fig. 14 for all tested materials. As expected,

decreasing trends of Young’s modulus with increas-

ing porosity are depicted, which is aligned with

reports in the literature for other porous materials

[60, 69–71]. More specifically, a maximum decrease of

41% is proposed when the modulus of the non-aer-

ated chocolate is compared to the one of the 15%

micro-aerated chocolate. The trend line of the fig-

ure proposes an approximate linear relationship

between the Young’s modulus of chocolate and the

porosity. A reasonable agreement is depicted when

comparing the experimental data of Fig. 14 to ana-

lytical predictions from the Hashin–Shtrikman ana-

lytical model (see Eq. 19), which is previously

employed for chocolates by Samaras and Bikos et al.

[16, 19]. A maximum difference of 12% is reported in

the case of the 15% chocolate. The source of this

difference is believed to partially originate from the

averaging process performed from the different

mechanical tests, which might exhibit different

sources of error. Nevertheless, the difference between

the analytical model and a material which exhibits

complex multiphase structure is reasonable and

provides further confidence on the measured moduli

data for all types of chocolate.

Selecting the correct value of Young’s modulus is

based on the process of interest and the loading

events occurring during that process. More specifi-

cally, for instance, during food oral processing,

multiaxial loading is reported to occur where com-

pressive and tensile events are found to play a

determinant role in the material’s fracture. The for-

mer type of load is associated by the compressive

Figure 13 Bar chart showing the flexural modulus obtained from

the three-point bending experiments at a testing speed of _d ¼
0.85 mm s�1 (equivalent to 0.01 s-1) (see Eq. 6) and the

methodology presented by Mujika et al. [48] (see Eq. 10).

Figure 14 Average Young’s modulus data obtained from the

different mechanical experiments, loading–unloading in

compression and tension, three-point bending, and ultrasonic

experiments, at a constant strain rate of 0.01 as a function of

porosity together with analytical predictions using the Hashin–

Shtrikman model used in chocolates by Samaras and Bikos et al.

[16, 19].
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action of the teeth, and the latter is linked to the

chocolate’s fracture due to the lateral deformation of

material during mastication. In such a case, details

about the stress–strain data in compression and ten-

sion are required. All these parameters are needed as

input parameters for computational models that

simulate the first bite condition [19]. On the other

hand, bending events during mastication might be

insignificant due to the typical geometry of the food

that is masticated and the geometry of the teeth.

On the other hand, in scenarios where the com-

putation of Young’s modulus is only important, the

three-point bending experiments constitute a quick

and reliable way to measure the true value of

chocolate’s Young’s modulus. Such scenarios could

be the comparison and correlation of Young’s mod-

ulus of food with textural properties such as hardness

and crumbliness. Several studies have established

such links aiming to design food products with

controlled sensorial attributes [22, 23, 29, 30]. Flexure

experiments are also relevant to snap tests, per-

formed to assess the final quality of chocolate. Easy

and reliable experiments to measure the Young’s

modulus of chocolate are also the ultrasonic tests.

This is opposed to the more challenging mechanical

experiments such as cyclic compression and tensile

experiments, where issues with interfacial friction (in

compression) and material gripping (in tension) are

usually present.

This is the first time in foods that a conclusive

engineering analysis is performed employing differ-

ent types of mechanical experiments such as com-

pression, tension, flexure, and ultrasound methods,

to evaluate the true Young’s modulus of complex

multiphase materials such as chocolate samples with

varying levels of micro-aeration.

Conclusions

A comprehensive engineering analysis on solid

chocolate with different levels of micro-aeration was

performed employing mechanical destructive and

non-destructive experiments to compute the true

mechanical properties. The latter are important input

parameters to simulate the first bite conditions

through computational models and are often linked

to textural attributes such as hardness. The results of

this work confirmed the requirement that the true

modulus of elasticity should be computed from the

unloading part of the uniaxial strain-strain curve

during unloading conditions. The comparison of the

modulus data amongst different mechanical experi-

ments showed small discrepancies, an effect which is

common for polymers and is believed to be due to the

way the load transfers across the large fat molecular

structures inside the cocoa butter under different

deformation directions. This effect is found to be

diminishing with increasing porosity. It is argued

that the microstructural movement of particles in the

chocolate, which is believed to be dependent on the

loading condition, is disrupted by the presence of

micro-pores and, therefore, diminishes with increas-

ing porosity. More specifically, the micro-pores are

believed to disrupt the movement of the long fat

molecular chain of the cocoa butter reducing differ-

ences shown amongst the different loading condi-

tions. The fact that the fracture strain in compression

is drastically higher than the one in tension postulates

that the material will predominantly fracture during

service due to tensile loads. The Young’s modulus of

chocolate should be selected based on loading case

that is dominant during the event of interest. In cases

where a quick estimate of Young’s modulus is

required, the three-point bending and ultrasonic

experiments provide a relatively easy, fast, and reli-

able way to measure this for chocolate.
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