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ABSTRACT
The fracture properties of five types of chocolate (dark, extra dark, milk, white, and ruby) were investigated using an indirect ten-
sile test known as the Brazilian test. Two different loading rates of 0.0017 m/s and around 12 m/s were used through the universal 
testing machine TIRATEST and split Hopkinson pressure bar (SHPB) technique. Results show that the tensile fracture stress in-
creases with the loading rate. The sensitivity of the fracture stress at low-loading rates is lower than that at the high-loading rates. 
The obtained results can be used in industry for the correct processing of chocolate products and their transport. The presented 
methods can be also used to detect defects in chocolate products.

1   |   Introduction

The fracture properties of solid foods, for example, fracture stress 
and strain, are highly correlated to the textural attributes perceived 
by humans either through snapping in fingers or during masti-
cation (Chen 2009; Kim et al. 2012). This is valid namely for the 
chocolate where good snap and hardness are key mechanical fea-
tures affecting a consumer's perception of quality (Beckett 2008). 
The fracture stress is affected namely by the chocolate microstruc-
ture as reviewed in (Zhao et al. 2018). Instead of this factor, the 
loading rate (LR) also plays a significant role (Bikos et al. 2021). 
The fracture of chocolate was studied using the universal testing 
machines in tension and compression. The three-point bending 
test was also used. During this test, the force required to break the 
specimen results from both pressure and tension. The study of 
chocolate fracture in tension traction tests was performed on plain 
chocolate at different levels of freezing by anchoring rectangular 
sticks of chocolate between two clamps in a traction machine 

under uniaxial traction (Tremeac et al. 2008). However, as choc-
olate is brittle, it is difficult to mount between two clamps in the 
traction machine without inducing stresses, causing it to break or 
weaken preferentially at the clamp contact points prior to the start 
of the test. If the fracture behavior is studied by tensile testing, 
specimens can be glued to some more rigid plates, for example, 
steel plates, which are fixed in the testing machine.

To overcome these difficulties, the indirect tensile test (Brazilian 
test) was suggested (Nedomová et al. 2013). The results of this 
method showed that the tensile strength of chocolate increases 
with the LR. The LR was limited to the value of 0.0017 m/s.

The aim of this paper was to study the effect of higher LRs on 
tensile strength and fracture stress of five different types of 
chocolate. In the given text, the results of low velocity loading 
of chocolate were noticeably extended to significantly higher 
loading velocities (up to about 12 m/s). The study of the fracture 
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development was also performed. It has been shown that there 
are at least two regions that differ in fracture strength sensi-
tivity to the LR. The comparison of the results of both loading 
techniques and multiple LR regimes (quasi-static and impact), 
including the addition of fracture development of five different 
types of chocolate, proves to be a novelty in this field.

2   |   Material and Experimental Methods

2.1   |   Experimental Samples

Five chocolate masses were used for the experiments—extra 
dark chocolate, dark chocolate, milk chocolate, white choco-
late, and ruby chocolate. Detailed characteristics (technology, 

detailed composition, and nutritional data) of these chocolate 
masses are given in Table  1 and some others in the previous 
studies by Kumbár et al. (2021), (2023).

The chocolate masses were tempered using a tempering machine 
Color EX (Selmi Chocolate Machinery, Italy) according to the 
tempering curves, see Table 2. Tempering temperatures shown in 
Table 2 are given by the manufacturers of the individual chocolate 
masses. These are the long-established key temperature values nec-
essary for correct tempering. The tempered chocolate masses were 
shaped in a special form (AISI 316 L food-grade stainless steel), fol-
lowed by the displacement of air bubbles using vibration (1 min). 
The frequency and amplitude of the vibrations were constant and 
given by the manufacturer according to many years of experience. 
The masses were then cooled to 16°C within 3 min. The scraping 

TABLE 1    |    Nutritional data of the chocolates.

Chocolate

Nutritional information per 100 g

CompositionEnergy value

Fats Carbohydrates

Proteins Salt

Of which 
saturated 
fatty acids Of which sugars

EDC 2576.0 kJ 53.0 g 14.6 g 15.0 g 0.2 g 100% cocoa components

20.0 g 1.0 g

DC 2264.6 kJ 35.0 g 46.9 g 5.7 g < 0.005 g 55.5% cocoa components, 
sugar, cocoa butter (35.0%), 

emulsifier: soy lecithin (E322), 
aroma: natural vanilla

21.6 g 44.0 g

MC 2297.2 kJ 33.3 g 55.6 g 5.8 g 0.206 g 36.5% cocoa components, sugar, 
cocoa butter (29.0%), whole 
milk powder, lactose, whey 

powder, emulsifier: soy lecithin 
(E322), aroma: natural vanilla

20.4 g 54.7 g

WC 2360.5 kJ 35.1 g 56.1 g 6.4 g 0.234 g 28% cocoa components, sugar, 
cocoa butter (28%), whole milk 
powder, emulsifier: soy lecithin 
(E322), aroma: natural vanilla

21.3 g 56.1 g

RC 2356.0 kJ 35.9 g 49.6 g 9.3 g 0.270 g 47.3% cocoa components, 
sugar, cocoa butter, whole milk 
powder, emulsifier: soy lecithin 
(E322), acidity regulator: citric 

acid, aroma: natural vanilla

21.5 g 48.5 g

Abbreviations: DC, dark chocolate; EDC, extra dark chocolate; MC, milk chocolate; RC, ruby chocolate; WC, white chocolate.

TABLE 2    |    Specific tempering temperatures of chocolates.

Chocolate Melting temperature (°C) Cooling temperature (°C) Working temperature (°C)

EDC 55 28.5–29.5 29.5–30.5

DC 45–50 28–29 31–32

MC 40–45 27–28 30–31

WC 40–42 25–26 28–29

RC 45 27 28.5–29.5

Abbreviations: DC, dark chocolate; EDC, extra dark chocolate; MC, milk chocolate; RC, ruby chocolate; WC, white chocolate.
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off of the excess chocolate from the surface of the form (to ensure 
a uniform mass of the samples) was followed. After that, cooling 
continued at 10°C for 45 min. After complete solidification, the 
samples were tapped from the form and further stored at a tem-
perature of 15°C. Vibration was chosen as the optimum method 
to remove air bubbles from the sample. Time and temperature of 
storage of samples prior to the removal of excess chocolate mass 
were set to produce samples with smooth and regular shapes.

The various mechanical properties of these chocolates were stud-
ied in the previous papers by Nedomová et  al.  (2023), Kumbár 
et al. (2023), and Kumbár et al. (2024). In Table 3, some material 
properties that are used for the discussion of results are presented. 
The specimens of cylindrical shape (14 mm in diameter and 5 mm 
in thickness) have been prepared. The thickness of the specimens 
plays a dominant role in the achieving of stress equilibrium. 
Generally, it is accepted that the thickness of the specimen should 
be one half of the specimen diameter, see Chen and Song (2011). 
For the study of tensile strength and fracture stress propagation is 
thus use a specimen of lower thickness is thus used; in our works, 
it should be lower than about 7 mm.

2.2   |   Experimental Technique

The low rates loading of the chocolate specimens was per-
formed using the TIRATEST 27025 testing machine (TIRA 
Maschinenbau, Germany). For more information on the tech-
nique used, see Nedomová et al. (2023).

The Brazilian/indirect tensile test is performed by applying a con-
centrated linear compressive load across the diameter of a disc-
shaped specimen, as shown in Figure 1. The loading produces a 
region of nearly uniform tensile stress perpendicular to the load 
axis that is sufficient to fracture the specimen. The thickness L to 
diameter D ratio range should be from 0.2 to 0.75 (ASTM D3967-08) 
in order to achieve a plane stress condition. When the pair forces 
are applied to a linear elastic Brazilian disc (Figure 1a), the analyt-
ical solution of the plane stress, at any given point (x, y) of the disc 
(Figure 1b), can be evaluated; see Li and Wong (2013) for details.

At the center point of the Brazilian disc (Point 0 in Figure 1b), 
where x = y = 0, the stress state can be written as:

where P represents the forces acting on both ends of the speci-
men. The Equations (1–3) are valid for quasi-static loading when 
LRs are limited to about 1 m/min. The loading of the specimen 
by significantly higher LRs is performed namely using the split 
Hopkinson pressure bar (SHPB) technique (Czech Academy of 
Science, Czech Republic) as described by Dai et al. (2010). The 
SHPB technique used for the study of tensile strength is sche-
matically shown in Figure 2.

This system consists of three main parts:

•	 First, there is a gas gun enabling the acceleration of the pro-
jectile (striker) to some velocity. The gas gun system con-
sists of a high-pressure reservoir with controls to regulate 
the pressure of the system. A quick release valve allows the 
gas to expand and accelerate the striker bar towards the 
pressure bars. The details of the striker acceleration are de-
scribed by Rahner et al. (2014).

•	 The second part is a system of two elastic bars (incident and 
transmitted).

•	 The third part is the data acquisition system.

After the impact of the striker on the end of the incident bar, 
the compressive stress pulse (incident stress pulse) σI(t) is de-
veloped. After the impact of this wave on the interface between 
the incident bar and specimen, some part is reflected back as the 
reflected stress pulse σR(t) and part is transmitted to the second 
bar as the stress pulse σT(t). The evaluation of these stress pulses 
is based on the assumption of the elastic behavior of the bars 
during the test. The stress pulses are then calculated using the 
signals from the strain gauges pasted on the bars:

(1)�x =
2P

�LD
… tension stress

(2)�y = −
6P

�LD
… compression test

(3)�xy = 0 … shear stress

TABLE 3    |    Selected material properties of the tested chocolates 
(n = 5).

Chocolate

Density 
ρ (kg/

m3)

Young 
modulus 
E (MPa) cL (m/s)

cT 
(m/s)

EDC 1170.0 1264.5 1982 689

DC 1269.4 2303.6 2208 798

MC 1263.4 1780.3 2106 700

WC 1252.8 1712.0 2094 649

RC 1244.8 1516.0 2074 611

Abbreviations: cL, velocity of longitudinal elastic wave; cT, velocity of transversal 
elastic wave; DC, dark chocolate; EDC, extra dark chocolate; MC, milk 
chocolate; RC, ruby chocolate; WC, white chocolate.

FIGURE 1    |    Schematic of the Brazilian test: (a) Brazilian tensile test 
is performed by applying a concentrated line compressive load across 
the diameter of a disc shaped specimen; (b) schematic plane view of 
Brazilian tensile test with Cartesian coordinate; (c) central element of 
tested specimen, both tensile stress and compressive stress exist simul-
taneously during a Brazilian tensile test.
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where Eb is the Young's modulus of the bar, εI, εR, and εT are the 
incident, reflected, and transmitted strains, respectively.

The incident (loading) stress pulse is characterized by the fol-
lowing parameters:

•	 The maximum value of the stress (amplitude) σIm

•	 Energy wI =
1

Zb
∫ �

2
I
(t)dt, where Zb denotes the acoustic im-

pedance of the test bar �I.

These parameters are then defined also for the remaining stress 
pulses. The stress pulses enable the calculation of the forces at 
the interface between the bar and the specimen:

where Ab is the area of the bars.

The evaluation of the results of the dynamic Brazilian test as-
sumes the stress equilibrium before the specimen failure, that 
is, P1 = P2. Tensile stress in the center of the specimens due to 
diametral compression is then given by Equation (1) (Wang and 
Tao 2022):

The dynamic tensile strength ftd is obtained using Equation (1) 
for the maximum transmitted load. The strain rate follows as 
(Yu et al. 2004):

where � is the strain, E is the elastic modulus of the specimen 
material, and the derivative is restricted to the linear ramp-up 
of the stress history.

Sheikh et al. (2019) suggested the new approach of the LR char-
acterization when the specimen LR is given as the difference of 
the velocities of the specimen v1 and bar interfaces v2:

The knowledge of the LR enables one to evaluate the specimens 
shortening (displacement) according to:

The SHPB technique set-up consists of two bars of 1000 mm 
in length and 15 mm in diameter, which are made from 
poly(methyl methacrylate) material (PMMA). The behavior of 
the bars during the impact is linear elastic. The acoustic imped-
ance of the bars is Zb = 2.6486 MPas/m. The striker was made 
from beech wood in the form of a cylinder of 152 mm in length 
and 14.8 mm in diameter.

To obtain more information on the specimen behavior, impacts 
themselves were monitored by a high-speed camera FASTCAM 
SA-Z type 2100K-M (Photron, Japan) with a maximum frame 
rate of 2,100,000 fps and a shutter speed of 1.00 μs.

Experiments were performed at the temperature 12°C. At this 
temperature, specimens of all chocolates exhibited elastic be-
havior and behaved as a solid body. The contact measurement 
of specimens' surface temperature after measurement did not 
show a measurable increase in the temperature.

2.3   |   Statistical Analysis and Software

All the experimental data were analyzed with analysis of 
variance (ANOVA) and Duncan's test with p < 0.05 using the 
MATLAB statistics toolbox (MathWorks, USA).

3   |   Results and Discussion

3.1   |   Low-Loading Rates

Loading of the chocolate specimens at low rates corresponding 
to the quasi-static loading was performed using TIRATEST. 
Specimens were compressed as shown in Figure 1 at cross head 
velocities of 1, 10, and 100 mm/min. In units of m/s, these veloci-
ties correspond to 0.0000167, 0.000167, and 0.00167 m/s.

(4a)�I = Eb�I

(4b)�R = Eb�R

(4c)�T = Eb�T

∙ Impulse II = ∫ �I (t)dt

(5a)P1(t) = Ab

[

�I (t) + �R(t)
]

(5b)P2(t) = Ab�T (t)

(6)�t =
2Ab�T (t)

�LD

(7)�̇ ≡ ��

�t
=
1

E

��

�t

(8)v = v1 − v2 =
�I − �R

Zb
−

�T

Zb
=

�I − �R − �T

Zb

(9)p = ∫ vdt =
1

Zb ∫
(

�I − �R − �T

)

dt

FIGURE 2    |    Schematic of the dynamic Brazilian test.
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The development of the tensile stress in the specimen leads 
to the fracture of the specimen. Examples of the experimen-
tal records of compressive force versus crosshead displace-
ment are displayed in Figure  3 (left part). All these records 
are characterized by a drop in the force. The maximum of the 
force before its sudden decrease corresponds to the moment 
of the specimen fracture initiation. It has been verified by the 
experiments where the crosshead displacement was stopped 
before the force drop. The corresponding tensile stress evalu-
ated using Equation (1) is shown in Figure 3 (right part). This 
equation is valid up to the specimen fracture. The stress corre-
sponding to the maximum before the drop represents the ten-
sile strength of the tested material. The values of the tensile 
strength are summarized in Table 4. In this table, the values of 
the displacement p at the fracture are also given. In Figure 4, 
the tensile strength of the chocolate is plotted as a function of 
crosshead (loading) rate. It is obvious that the tensile strength 
increases with the LR. The order of chocolates according to the 
tensile stress is:

The values of the fracture strength are lower than those reported 
during the three-point bending test (Zhao et al. 2018). This dif-
ference may be a consequence of some plastic strain during the 
Brazilian test. The rate dependence of the tensile strength was 
also observed in our previous paper (Nedomová et al. 2013). The 
increase in tensile strength is also a consequence of the increase 
in the content of cocoa particles. The increase due to the increase 
in the content of cocoa particles was probably independent of 
LR. It means that the observed strain rate sensitivity of the ten-
sile strength is probably a consequence of the viscous behavior of 
the cocoa butter. The increase of the tensile strength with the LR 
was also observed by Bikos et al. (2021). The specimen displace-
ment (shortening) at the fracture also increases with the LR, as 
shown in Figure 5.

The value of this displacement increases with the LR. The order 
of the chocolates according to this parameter is opposite to the 
order given by Equation (10).

3.2   |   High-Loading Rates

The loading of the specimen using the method displayed in 
Figure 2 is given by the striker impact velocity. Three levels of air 
pressure in the reservoir were used. Experiments were repeated 
five times under the same conditions (compressed air pressure). 
The striker impact velocities were 6.6 ± 0.23, 7.5 ± 0.26, and 
12 ± 0.25 m/s. For the sake of simplicity, the values 6.6, 7.5, and 
12 m/s were used for the description of results. In Figure 6, the 
examples of the loading stress pulses σI(t) are given together 
with parameters of these pulses, that is, maximum of the stress 
pulse σImax, impulse, and energy wI. The response of the speci-
men to these pulses is characterized by the reflected and trans-
mitted stress pulses. Time histories of these pulses are displayed 
in Figure 7. The effect of the loading stress pulses on the trans-
mitted stress pulses is shown in Figure 8. It is evident that the 
qualitative features of the transmitted stress pulses are nearly 
independent of the input stress pulse. The same is valid also for 
the time histories of the LR and specimen displacement p, see 
Figures 9 and 10.

Maximum (amplitude) of the transmitted stress pulse in-
creases with the amplitude of the loading stress pulse, which 
is given by the striking velocity v, as shown in Figure 11. In 
this figure, the values of the LRs and the specimen displace-
ment p at the time of achieving the amplitude maximum are 
also plotted.

If we take into consideration the stress pulse amplitude, there 
is no statistically significant difference (p < 0.05) between extra 
dark chocolate and ruby chocolates. The order of these ampli-
tudes is the same as the order given by the static tensile strength; 
see Equation (10).

The behavior of the chocolate specimens during the loading 
was studied using a high-speed camera. In Figure 12, the de-
velopment of the specimen fracture damage is shown. The 
fracture starts in the form of a hair crack that is located nearly 
at the middle of the specimen. At the contact between the input 
bar and the specimen, the light area can be seen. A detailed 

(10)Extra dark→ ruby→ white→milk→ dark

FIGURE 3    |    Experimental records of the force–displacement (left part) and tensile stress–displacement (right part).
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view of this area is presented in Figure  13. In this area, the 
increase of the cocoa butter is detected. This increase in cocoa 
butter concentration is probably due to the stress concentra-
tion at the contact between the specimen and the input test bar, 
which allows some amount of cocoa butter to be released from 
the cocoa particles. This area is also reported at the contact 
between the specimen and the output bar. Its extent is signifi-
cantly lower than that at the input bar–specimen contact. In 
Figure  14, the time histories of the transmitted stress pulse 
σT(t) as well as the input stress:

and the average stress:

are displayed. The σI(t) is the incident stress pulse, σR(t) is the 
reflected stress pulse, and σT(t) is the part transmitted to the sec-
ond bar as the stress pulse.

(11)�input(t) = �I (t) + �R(t)

(12)�average(t) =
1

2

[

�I (t) + �R(t) + �T (t)
]

TABLE 4    |    Tensile strength and displacement of the chocolates tested under quasi-static loading.

Chocolate Transmitted stress pulse σt (MPa) Displacement p (mm)

v = 1 mm/min ≡ v = 0.0000167 m/s

EDC 0.41 ± 0.0316ab 1.20 ± 0.165126e

RC 0.43 ± 0.0804ab 0.97 ± 0.066833cd

WC 0.52 ± 0.0455c 0.91 ± 0.018257cd

MC 0.68 ± 0.0258d 0.83 ± 0.02582ab

DC 0.73 ± 0.0216e 0.75 ± 0.018257ab

v = 10 mm/min ≡ v = 0.000167 m/s

EDC 0.53 ± 0.0365ab 1.23 ± 0.045461e

RC 0.56 ± 0.042ab 1.10 ± 0.049666d

WC 0.74 ± 0.0365cd 0.98 ± 0.018257c

MC 0.79 ± 0.0294cd 0.83 ± 0.02582b

DC 0.85 ± 0.0392e 0.81 ± 0.018257a

v = 100 mm/min ≡ v = 0.00167 m/s

EDC 0.62 ± 0.0316ab 1.28 ± 0.039158e

RC 0.68 ± 0.0622ab 1.15 ± 0.029439d

WC 0.88 ± 0.0294cd 1.05 ± 0.024495c

MC 0.92 ± 0.0183cd 0.95 ± 0.03559ab

DC 1.02 ± 0.0548e 0.92 ± 0.024495ab

Note: a, b, c, d, e different letters in one column means statistically significant differences (p < 0.05).
Abbreviations: DC, dark chocolate; EDC, extra dark chocolate; MC, milk chocolate; RC, ruby chocolate; WC, white chocolate.

FIGURE 4    |    Effect of the loading rate on the tensile strength of different chocolates.
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FIGURE 5    |    Displacement of the chocolate specimen at its fracture moment.

FIGURE 6    |    Loading (input) stress pulses recorded for the specimens of the dark chocolate and main pulses parameters as function of the striking 
velocity v.

FIGURE 7    |    Record of the transmitted and reflected stress pulses recorded for the specimens of dark chocolate. The time history of the loading 
rate LR using Equation (8) and the specimen displacement p (shortening) using Equation (9).
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FIGURE 8    |    Transmitted stress pulses recorded as a response of chocolate to input stress pulses corresponding to the different striking velocities v.

FIGURE 9    |    Loading rates (RATE) of the specimens of the different kind of chocolate.

FIGURE 10    |    Displacements p of the chocolate specimens during the loading by the different stress pulses.
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The vertical lines in this figure correspond to the single frames in 
Figure 12. It is evident that the beginning of the specimen damage 
starts at the time which lies near the time when transmitted pulse 
amplitude is achieved. The times of achieving the transmitted 
stress amplitude are displayed in Figure 15. With the exception of 
the dark chocolate, this time decreases with the striking velocity, 

that is, with the input stress pulse amplitude. The initial fracture 
damage of the specimens is documented in Figure 16.

It is evident that all reported damage occurs near the time when 
the transmitted pulse amplitude was achieved. The extent of the 
area of the cocoa butter concentration is highest for the milk 
chocolate and ruby chocolates. The same features exhibited 
chocolate specimens loaded by the more intensive stress pulses; 
see Figure 17.

The final damage of the tested chocolates is shown in Figure 18 
for the lowest amplitudes of the input stress pulses and in 
Figure 19 for the highest stress pulse amplitudes.

The specimen damage is different for the different chocolates. 
With the exception of the milk chocolate and dark chocolates, 
one can observe a tendency for the multiple fracture damage 
of the specimens. The interpretation of obtained results on the 
fracture appearance needs some study of the fracture surfaces. 
In this paper, we focus on the quantitative evaluation of the ten-
sile strength of the tested chocolates.

From Figure  14, it is evident that the stress in the specimen 
exhibits a significant gradient along the specimen length. The 

FIGURE 11    |    Parameters of the transmitted stress pulses.

FIGURE 12    |    Development of fracture in the dark chocolate specimen loaded by SHPB technique. Striking velocity = 12 m/s.

FIGURE 13    |    The area at the contact between the test bar and the 
milk chocolate specimen. Striking velocity = 12 m/s.
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stress in the specimen is far from being homogeneous. Because 
the start of the fracture damage occurs near the transmitted 
stress pulse amplitude, the tensile strength of the specimen can 
be evaluated using Equation (6). This stress represents a mini-
mum value of this strength. In Figure 20, the dependence of this 
strength on the LR is plotted.

It is evident that there is no or nearly no difference between the 
strengths of the extra dark chocolate and ruby chocolates as well 
as between milk chocolate and dark chocolates. The dynamic ten-
sile strength of the white chocolate lies between. Dynamic tensile 
strength increases with the LRs. The explanation of the fracture 
behavior of different types of chocolate requires a detailed analysis 
of the chocolate. The main progress in solving this problem was 
made by Bikos et al. (2023) for some chocolate systems. As it is doc-
umented in Figure 20, the rate sensitivity of the tensile strength is 
significantly higher at dynamic loading than that reported during 
static loading. The effect of the LR on the tensile strength is qual-
itatively the same as the effect of the LR on the flow stress at the 
loading of the chocolate in compression, see Kumbár et al. (2023).

The mechanical properties of chocolate are clearly determined by 
its composition and production technology. The quality of the tem-
pering process, the level of crystallization of the cocoa butter, and 

the stability of the cocoa fat crystal network formed are important 
factors (Afoakwa 2010). The hardness of chocolate decreases with 
the addition of the milk component due to the milk fat content, 
which changes the fatty acid composition in the continuous phase 
(Lapčíková et al. 2022). Chen et al. (2022) studied the effect of sugar 
and milk powder addition on the mechanical properties of choc-
olate. Mechanical properties, which are represented by Young's 
modulus and fracture toughness, correlate with textural properties 
such as hardness, elasticity and brittleness. The addition of sugar 
increased the value of stress impulse, Young's modulus, and frac-
ture toughness of chocolate, whereras the opposite was true for the 
addition of milk powder. When both ingredients were equal, sugar 
played a more significant role. It is also confirmed, as reported by 
Liang and Hartel (2004), that the addition of milk powder at the 
expense of cocoa butter reduces the hardness of chocolate. The re-
fractive properties of chocolates can also be significantly affected by 
the fat content. Zhao et al. (2018) found a decrease in both Young's 
modulus and fracture stress values of model chocolate bars as their 
fat content increased, which was due to an increase in the interac-
tion between cocoa particles or cocoa particles and fat. In addition, 
the model chocolate bars with larger cocoa particle size had lower 
Young's modulus and fracture stress due to a lower proportion of 
free fat and a higher proportion of the empty matrix. Similarly, 
Afoakwa et al. (2009) pointed out that smaller particles and greater 
refinement of the individual components that make up the choc-
olate mass increase the tensile strength and hardness of the choc-
olate. And likewise, a higher proportion of fat acts as a lubricant, 
thereby reducing tensile strength and hardness.

4   |   Conclusions

The increase in the LR leads to the increase in the tensile 
strength of all tested chocolates. There are two regions of the 
tensile strength LR sensitivity. At LRs corresponding to the 
quasi-static loading (typically achieved during loading at the 
conventional testing machines) there is a significant difference 
among different types of chocolates. The LR sensitivity of the 
tensile strength at higher LRs (typically for impact loading) is 
significantly higher. In these regions, there is nearly no differ-
ence in the tensile strength of ruby chocolate and extra dark 
chocolate and between milk chocolate and dark chocolates. The 

FIGURE 14    |    Stress histories in the specimen of the dark chocolate loaded by the stress pulse corresponding to the striking velocity = 12 m/s.

FIGURE 15    |    Times when the stress-pulse amplitude is achieved.
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FIGURE 16    |    Start of the specimen damage. Striking velocity = 6.6 m/s.

FIGURE 17    |    Start of the specimen damage. Striking velocity = 12 m/s.

FIGURE 18    |    The final damage of the specimens loaded by the stress pulses corresponding to the striking velocity = 6.6 m/s.

FIGURE 19    |    The final damage of the specimens loaded by the stress pulses corresponding to the striking velocity = 12 m/s.
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increase in tensile strength with LR is probably affected by the 
rheological properties of cocoa butter. The fracture of the speci-
men loaded by the high LRs starts in the middle of the specimen. 
At the contact between the specimen and bars, a region where 
cocoa butter increases. In order to obtain a more detailed view of 
this phenomenon, the numerical analysis of the stress develop-
ment during the dynamic Brazilian test is desirable.

The obtained results can be used in industry for the correct pro-
cessing of chocolate products and their transport. At the same 
time, the presented methods can be used to detect defects in 
chocolate products. There is also a certain correlation between 
the results presented and the sensory properties of chocolates. 
To monitor the quality of chocolate, it is certainly advisable for 
larger manufacturers to include at least some method of assessing 
the mechanical properties of chocolate in their quality testing. 
Standardized instruments for monitoring the textural properties 
of foods with variable LRs seem to be the most appropriate.

For future research, it would be useful to focus also on flavored/
enriched chocolate masses, as our research focuses on pure 
basic types of chocolate.
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