J Am Oil Chem Soc (2011) 88:773-783
DOI 10.1007/s11746-010-1721-8

ORIGINAL PAPER

Investigation of Chocolate Surfaces Using Profilometry
and Low Vacuum Scanning Electron Microscopy

Hanna Dahlenborg - Anna Millqvist-Fureby -
Bjorn Bergenstahl - Daniel J. E. Kalnin

Received: 7 July 2010/Revised: 1 November 2010/ Accepted: 13 November 2010/ Published online: 30 November 2010

© AOCS 2010

Abstract In this study we establish the use of optical
non-contact profilometry combined with low vacuum
scanning electron microscopy (LV SEM) for the investi-
gation of lipid surfaces. We illustrate, by using profilom-
etry, a methodology for investigation of chocolate surface
topology as a function of time, in the same area of interest.
Both qualitative and quantitative data analysis has been
performed for profilometry data. Further, relating these
results to LV SEM images provides complementary topo-
logical information and hence a useful toolkit for the study
of the chocolate surface prior and post fat bloom formation.
For the demonstration of the successful combination of
these two analytical techniques, white chocolate pralines
were stored at two temperature-controlled conditions (at
18 °C, and cycled between 15 and 25 °C). Surface prop-
erties were then investigated during 36 weeks of storage.
The surface images and the roughness parameters indicated
distinct development of surface characteristics for the two
storage conditions. From the results it is suggested that
some imperfections, in the form of pores or protrusions,
could play a role in fat bloom development and that there
may be different main mechanisms of fat migration taking
place for the different storage environments. In the present
work, a positive correlation of profilometry data to choc-
olate surface characteristics and early bloom development
has been established. There are indications that early

H. Dahlenborg - A. Millgvist-Fureby - D. J. E. Kalnin (B
YKI, Institute for Surface Chemistry, Box 5607,

114 86 Stockholm, Sweden

e-mail: daniel.kalnin@yki.se

H. Dahlenborg - B. Bergenstahl
Department of Food Technology, Engineering and Nutrition,
Lund University, P.O. Box 124, 221 00 Lund, Sweden

prediction of fat bloom can be possible, however further
work needs to be done to quantify prediction of fat bloom.
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Introduction

Chocolate is a confection defined by its raw materials:
sugar, cocoa mass, cocoa butter (CB), and milk solids in
the case of milk or white chocolate. However, from a
material science perspective, chocolate is a composite
material consisting of solid particles (i.e. cocoa powder,
sugar and in some cases milk powder) in a lipid continuous
matrix, where the final quality of the product is highly
dependent on the polymorphic forms of the triacylglycerols
(TAG) in the fat phase and the distribution and size of the
solid particles therein.

Chocolate is unique in that it is solid at room tempera-
ture and at the same time melts easily in the mouth. This
property of chocolate is due to the lipid matrix, consisting
mainly of CB, which has a relatively simple TAG com-
position that is responsible for a specific polymorphism
(formation of different crystalline structures with the same
composition) [1, 2]. CB TAG can crystallize into six dif-
ferent polymorphs which can be named as form I-VI [3] or
as v, o, f'o 1, B> and f; [4], with respect to increasing
stability and increasing melting points from approximately
17-36 °C. However, more recent research by Van Malssen
et al. [5] found only five polymorphic forms, where [’
existed as a phase range rather than two distinct separate
phases. Further recent studies have advanced the
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understanding of the CB structure and its individual TAG
[6-8]. Still, the former mentioned nomenclatures are often
used in the field of chocolate research and chocolate
industry. Form V is the desired form for TAG in chocolate,
achieved when it is well tempered (controlled crystalliza-
tion) during production, while form VI is a thermody-
namically stable polymorph, normally associated with fat
bloom.

Chocolate that has developed fat bloom is normally
characterized by loss of its initial gloss and the greyish/
whitish haze formed at the surface. This dulling appearance
of fat bloom is generally explained by the scattering of
light of the needle-like fat crystals that are formed at the
chocolate surface [9]. However, fat bloom can also take
various other forms, from surface to internal structures,
depending on the product and the storage conditions
[1, 10-13]. Fat bloom makes the chocolate appear unap-
petizing and is thereby a major issue that leads to rejection
and to reduced shelf-life in chocolate, particularly in filled
chocolate products such as pralines.

Fat bloom on center-filled chocolate products is mostly
thought to consist of diluted or melted CB that migrates to
the chocolate surface, where it re-crystallizes into the most
stable polymorphic form, VI [14, 15]. Still, the mechanism
of fat migration in chocolate pralines is not yet fully
understood, and hence the detailed development of fat
bloom remains unclear. However, the most cited mecha-
nism by which CB migrates to the surface of filled choc-
olate has been fat diffusion, where a diffusion equation
derived from Fick’s second law normally is used to model
the migration [16, 17]. The diffusive mobility in the mainly
crystalline matrix can be expected to depend on the
exchange rate at the liquid crystal interfaces as suggested
by Lofborg et al. [18]. Lately, also capillary flow has been
claimed to play a major role [19-21]. In a hypothesis paper
by Aguilera et al. [21] it is proposed that within the
chocolate matrix, formed by an assembly of fat-coated
particles, the liquid fraction of CB (which increases with
temperature) is likely to move under capillary flow through
interparticle passages and connected pores.

The relationship between surface topology and fat
migration has been investigated by some researchers, where
atomic force microscopy, scanning electron microscopy and
laser scanning microscopy have been used as the main
techniques [13, 22-28]. Some of these studies have reported
chocolate surfaces featuring imperfections in form of pores
and protrusions, which could be related to fat migration and
fat bloom formation. Smith and Dahlman [27] suggested that
bloom growth in pralines is a two-step process, with drops
initially forming at the surface and then bloom crystals
nucleating and growing from them. In agreement with this
study, Sonwai and Rousseau [28] found that cone-like
structures at the surface of milk chocolate might have formed
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by welling and deposition of liquid-state fat pushed from
within the matrix onto the surface during contraction. These
cones hardened with age, and crystal outcroppings protruded
from the cones. In addition, the presence of a porous structure
within chocolate has been shown by mercury porosimetry,
and formation of fat bloom was related to these pores [29].

Optical profilometry, a white light interferometry tech-
nique, has been used in various fields in order to charac-
terize surface topology of materials [30—32]. However, it is
a technique not widely used in the field of food technology.
Based on a certain set of statistical parameters, derived
from a surface profile or a surface map, the surface
topology can be quantified. Since these analyses can be
performed using a non-contact mode, surface damage will
be avoided. Although some research has been devoted to
studying the development of surface topology on fresh and
bloomed chocolate, rather less attention has been paid to
studying the change of these topological features in a
specific area over time.

The aim of this study is to follow the development and
kinetics of surface topology in a specific area as a function
of time and storage temperature. This will be realized by
employing optical profilometry. Further, by combining this
technique with low vacuum scanning electron microscopy
(LV SEM), we can gain insight in the mechanisms taking
place during migration of oil from the filling to the choc-
olate surface. Understanding the role of chocolate surface
topology development over time can lead to deeper
understanding of the mechanism of fat migration and thus,
also an extended understanding of the early stages of fat
bloom on chocolate. Different ways of detecting, prevent-
ing and controlling the growth of fat bloom can then be
further envisaged.

Materials and Methods
Materials

White chocolate pralines with a hazelnut filling were
manufactured by Ganache AB (Lilla Edet, Gothenburg,
Sweden). The composition of the white chocolate and the
hazelnut filling is listed in Table 1. The hazelnut mass
consisted of caramelized and mixed hazelnuts, the milk
chocolate had a cocoa level of 40% and contained whole
milk powder, and the cream in the filling contained 40%
fat. The white chocolate was tempered in a tempering unit
(LCM 25 Twin), with temperatures set to 43.0 and 28.5 °C.

The selection of white chocolate for analysis was based
on a parallel study where Confocal Raman Microscopy was
used as the main technique. Because of interfering fluo-
rescence when analyzing milk- and dark chocolate (prob-
ably due to the cocoa solids) white chocolate was the most
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Table 1 Composition of white chocolate and hazelnut filling

White Hazelnut
chocolate filling
Cocoa butter (%) 35
Sugar (%) 43
Whole milk powder (%) 21.5
Emulsifier and vanilla (%) 0.5
Hazelnut mass (%) 54
Cream (%) 27
Milk chocolate (%) 19
Total fat (%) 41.1 36.1
Sugar (%) 43 314
Water (%) <1 15

suitable option. Still, the methods used in this study are
applicable to the same extent for dark chocolate.

Storage Conditions

Five days after production, the samples were stored at two
different temperature-controlled environments. The samples
were stored in heating cabinets (temperature accuracy
£0.5 °C) where the temperature was kept at either 18 °C or
cycled between 15 and 25 °C, with a temperature ramp of
0.1 °C/min and a residence time at each temperature of 12 h
(£2 h). The actual temperature was additionally controlled
by a k-type thermocouple using a Picco Tc-08 interface for
continuous measurement. The samples were stored for
36 weeks in these temperature-controlled environments,
with the exception that the cycled samples were transferred
to 18 °C after the 12th week. This was due to the initial
intention of ending the study after 12 weeks storage.

Profilometry
Instrumentation

The surface topology of the chocolate was analyzed using
Profilometry Zygo New View 5010 (Middlefield, CT,
USA), which is a non-contact profilometry method based
on white light interferometry. Light from the microscope is
divided within the interferometric objective: one portion is
reflected from the sample surface and another portion
reflects from an internal, high quality reference surface in
the objective. Both portions are then directed into a CCD
camera. Interference between the two light beams results in
an image of light and dark bands, fringes, which charac-
terize the surface structure of the sample observed. The
surface is scanned by vertically moving the objective with
a piezoelectric transducer. As the objective scans, a video
system captures intensities at each camera pixel. These

intensities are converted into images by a software appli-
cation. The results are displayed on a color display as
images, plots, and numeric representations of the surface.
Since profilometry uses reflective light, the degree of light
absorption to the analyzed sample has no impact on the
results. Therefore, this technique is also applicable to dark
chocolate and other light absorbing surfaces.

Limitations for this technique are that the sample
reflectivity must be high enough (better than 0.1%), the
roughness (peak-to-valley) should be <100 pm and the
local inclination of the topological features should not be
too steep, in this case the inclination should be <15°. The
number of points displays the number of valid data points
in the data set, i.e. the number of camera pixels used in the
analysis. Without data drop out the value will be
307 x 10? points. Thus, due to topological surface features
with high inclinations (>15°), some profilometry data
might not be interpretable and will then be illustrated with
black color in the result images [33, 34].

In order to quantify the surface topology, there is access
to several surface topological parameters, and in order to
obtain reliable results it is essential to choose appropriate
ones. Peak number (peaks per observation area) is the peak
count or the number of peaks included in the analysis. A
peak is defined as a data point whose height is above an
operator-selected bandwidth. The band is centered around
the mean plane of the data, where the upper edge of the
band is the reference value for finding peaks. Thus, it is of
importance that the choice of reference values is well
considered. Peak height (um) is the height for each peak
included in the peak analysis and peak area (um?) is the
area of each peak included in the peak analysis. The
roughness parameter, R, (um) is the root-mean-square
(rms) roughness and the waviness parameter, W, (um), is
the root-mean-square (rms) waviness. Thus, they are
defined as the average of the measured height deviations
taken within the evaluation length or area and measured
from the mean linear surface (Eq. 1). Z(x) represents the
height elements along the profile and L is the number of
discrete elements.

Through a digital filtering (cutoff filter) of the data, the
surface characteristics of the investigated surface can be
broken down into waviness and roughness results. This
filter includes a high filter wavelength which defines the
noise threshold; all shorter spatial wavelengths are
considered noise. It also includes a low filter wavelength
which defines the form threshold where all longer spatial
wavelengths are considered form (waviness). Everything
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between these two wavelengths is assigned to roughness.
Also in this case it is essential that the choice of reference
values is well considered.

Experimental Setup, Sampling and Data Analysis

Each sample was fixed to a microscope slide, which was
fitted into a 90° angle on a rectangular plate. This plate was
mounted on the profilometry stage with screws and was
thereby fixed in the same position on each occasion. The
different analysis points had known x- and y-coordinates,
and by means of these coordinates the different analysis
points could be retrieved. In this study a 20x Mirau
interference objective (Zygo) with a 1x zoom was used,
which provide an image of 350 x 263 um, with a theo-
retical lateral resolution of 0.88 pm. By using the lab-made
mounting we were able to analyze the same area (=20 pum)
on each analysis occasion. This enabled us to follow and
compare surface changes in that specific area of interest.
As a result, we were able to reduce noise, normally
observed due to the use of different spots for data
collection.

Sampling was performed when the samples were
received, i.e. week 0, and then after storage of 2, 4, 12 and
36 weeks, respectively. Three samples from the cycled
temperature conditions were monitored, and measurements
were carried out at three different spots for each sample.
Since the constant temperature was set as a reference
temperature, one sample from this environment was ana-
lyzed. Also here measurements were carried out at three
different spots. The analyses were performed on the top of
the pralines, at room temperature (20 °C approximately).
After each measurement the samples were put back into
their temperature-controlled environment for continued
storage.

The data was analyzed using the advanced texture
application in MetroPro'  (Middlefield, CT, USA) analysis
and control software. Roughness (R,), waviness (W), peak
number, peak height and peak area were investigated in
this study. The reference band for peak definition was set at
2 pm. The cutoff filter, defining roughness and waviness,
were set at 1.5 and 100 pum, respectively, which give a high
filter frequency of 0.67 pm™"' and a low filter frequency of
0.01 pm™".

Low Vacuum Scanning Electron Microscopy

Scanning electron microscopy (SEM) is a technique pro-
ducing high resolution images of a sample surfaces. Due to
the way in which the image is created, SEM images have a
characteristic three-dimensional appearance and are useful
for judging the surface structure of a sample. A Philips
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XL30 environmental scanning electron microscope,
equipped with a cold stage set to 5 °C was used with mixed
detectors [biased gaseous detector (GSE) 75% and back-
scattered electron detector (BSE) 25%], at 15 keV and in
the low vacuum mode with 0.7-0.9 Torr, which gives an
RH of 13% approximately. These parameters were chosen
considering that they cause minimal damage of the choc-
olate surface, and for optimizing the imaging quality. In
this study, analyses of the samples were performed without
sample preparation, i.e. without coating the sample surface.
This leads to a sacrifice in magnification and resolution;
however, by analyzing without a coating, the true surface
can be monitored.

Sampling was performed parallel to profilometry,
meaning when the samples were received, i.e. week 0, and
then after storage of 2, 4, 12 and 36 weeks, respectively.
Two samples from each environment were monitored on
each analysis occasion, and the analysis was performed on
the top of the pralines, as for profilometry. After each
analysis the monitored samples were sacrificed due to the
possible impact from the microscope such as electron
beam, temperature, humidity and pressure.

Results and Discussion
Macroscopic Observations

The samples stored at a cycled temperature developed a
soft shell and a visually observed hardened filling, after
36 weeks of storage. These shells also expanded by 2 mm
in diameter (7%) compared to the fresh samples and the
samples stored at a constant temperature. At the same time,
the volume of the filling decreased markedly and the bot-
tom of the praline cracked and moved towards the center of
the praline (Fig. 1). The temperature fluctuations in the
cycled environment probably led to liquid TAG moving
from the filling into the shell of the praline, giving an
expansion of the shell and shrinkage of the filling. As a
consequence of the change in composition we expect the
shell to become softer and the filling to become harder.
Further, the water activity in the filling was measured to a
value of 0.77. Therefore, it could be suggested that diffu-
sion of moisture from the filling into the shell led to
swelling of milk particles, which simultaneously to the fat
migration caused swelling of the shell and a decrease in
filling volume [20, 35]. In addition, the glossiness of the
cycled samples disappeared and its color turned to white
compared to creamy white for the fresh samples, which
could be described as visible bloom development. Further,
the presence of moisture in the filling could lead to sugar
bloom development in addition to fat bloom development.
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32 mm

Fig. 1 White chocolate praline from the front and from underneath.
Left sample stored at a cycled temperature, after 36 weeks. Right
sample stored at a constant temperature, after 36 weeks

Microscopic Observations
Samples Stored at a Constant Temperature of 18 °C

The profilometry and LV SEM results in Fig. 2 demon-
strates how the surface topology and the topological fea-
tures change over time, i.e. from week 0 to week 36, when
stored at a constant temperature. The surface images to the
left represent 2D profilometry images (350 x 263 pm),
and to the right LV SEM images are displayed in the same
size range as the profilometry images. It should be noted
that the profilometry images are produced from the same
spot on the same samples, while all the LV SEM images
represent different samples, and hence larger surface var-
iability is to be expected from the latter method. However,
the result images from both profilometry and LV SEM are
representative.

Some profilometry data are not interpretable due to the
method’s detection limit, with regards to topological fea-
tures with high inclinations (>15°). This is illustrated by a
black color in the images. Table 2 shows the mean number
of points per observation area at each analysis occasion,
which displays values that give the information of data
drop out. Further, the number of points for samples stored
at a constant temperature at week 36 is too low
(113 x 10 + 8.7 points per observation area) to be able to
use for interpretation of the data, this probably due to high
inclinations of the topological features.

Fig. 2 Surface images of white chocolate pralines stored at a
constant temperature (18 °C). Left 2D profilometry images
(350 x 263 pm), produced from the same spot on the same sample,
weeks 0, 2, 4, 12, 36. Some of the protrusions disappear and then
re-appear (A), while some change their appearance over time (B).
Right LV SEM images, from different samples, weeks 0, 2, 4, 12, 36,
including protrusions (P), ridge-like topological features (S) and
needle-shaped crystals (C)

As can be concluded from these images, the changes of
the surface topology show similar appearance over time by
using both profilometry and LV SEM. At week 0 both
methods indicate a surface with a fine roughness, including
protrusions (mountain-like topological features) with sharp
inclinations heterogeneously spread over the surface, and
with a size range of a few microns to around 20 p in
diameter. After 2 weeks of storage only few of these pro-
trusions remain. Further, the images from both techniques
illustrate additional ridge-like topological features with a
wide size range, of different shapes and less sharp incli-
nations. After 4 weeks of storage, the surface is
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Table 2 Number of points per observation area (350 x 263 pum) and
standard error of mean for each profilometer analyze occasion of
white chocolate pralines stored at 18 °C and at 15-25 °C, respectively
(maximum number of points = 307 X 10%)

Week Cycled Sem® cycled Constant Sem® constant

temperature temperature temperature temperature
(%) (%) (%) (%)

0 87 1.2 85 2.4

2 95 1.1 71 4.2

4 96 0.8 85 1.6

12 90 1.4 76 2.4

36 83 1.7 37 2.8

% Standard error of mean

homogeneously covered by these new ridge-like topologi-
cal features, and after 12 weeks of storage both types of
topological features mentioned are present. Further, the LV
SEM images show a surface with more distinct topological
features at week 12 compared to week 2 and 4. Since it is
always the same area that is analyzed by the profilometer, it
can be noted that some of the protrusions disappear and
some reappear over time (point A and B in Fig. 2), at the
same time as new topological features arise at the surface.
After 36 weeks of storage, LV SEM images show that the
surface is completely dominated by different topological
features, some of them observed as needle-like shapes. The
profilometry images show a large number of lost data, most
likely due to a very rough surface.

In order to ensure that the surface topological features
resembling protrusions actually are protrusions, sample
surfaces were monitored by LV SEM from a tilted angle.
These results, which are represented in Fig. 3, show that
the surface displays protrusions of various sizes.

The result parameter peak height (um), for samples
stored at a constant temperature, is illustrated in Fig. 4.
These results indicate that the low frequency of peaks
present at week O is in the height range of 1-6 um. Further,
between week 0 and 2, the frequency of smaller peaks
(<3 um) has increased markedly in number, after which
the number remains nearly constant. In addition, the fre-
quency of larger peaks is higher by week 2 and 12. In
Fig. 5 the parameter peak area (um?) is shown for samples
stored at a constant temperature. At week O the results
indicate that there is a small number of peaks, and that
these peaks are spread over a wide size range. Between
week 0 and 2, an increase in the number of peaks can be
observed, and these peaks show an even wider size distri-
bution. These results correlate with the profilometry images
and the LV SEM images in Fig. 2, where new shapes of
surface imperfections, with a wide size distribution appear
by week 2 and stay until week 12. In addition to these
topological features, larger mountain-like protrusions are
present at week 2 and 12.
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Fig. 3 LV SEM images of tilted chocolate samples
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Fig. 4 Number of peaks per observation area (350 x 263 um) as a
function of peak height for samples stored at a constant temperature
(18 °C). The number is calculated as a mean of n = 3. The standard
error of mean is +0.9

Samples Stored at a Cycled Temperature, 15-25 °C

Development of the topological surface features of samples
stored at a cycled temperature (15-25 °C), investigated
using profilometry and LV-SEM, is shown in Fig. 6. At
week 0 the results show protrusions with sharp inclinations
heterogeneously spread over the surface, and with a size
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Fig. 5 Number of peaks per observation area (350 x 263 pm) as a
function of peak area for samples stored at a constant temperature
(18 °C). The number is calculated as a mean of n = 3. The standard
error of mean is +1.2

range of a few microns up to around 20 p in diameter.
After 2 weeks of storage the surface appears relatively
smooth, and the protrusions from week 0 have generally
disappeared. The surface remains almost similar after
4 weeks of storage, and after 12 weeks a homogeneously
rough surface is observed that evolves to be even rougher
after 36 weeks of storage (note that between week 12 and
36, the samples were stored at 18 °C), although with less
height variation compared to the constant temperature
samples. As indicated by point A in Fig. 6, some topo-
logical features disappear completely, while others remain
throughout the storage period and become enhanced with
time (point B in Fig. 6). The roughness is created by
comparable smooth ridges, particularly visible in the LV
SEM images, at week 12 and 36. A comparable morphol-
ogy is not observable in the samples stored at a constant
temperature.

Figure 7 shows the frequency as a function of peak
height (um) for samples stored at a cycled temperature.
These results show that the larger peaks (2—-6 pm) almost
disappear from week O to week 2, reach a minimum week
2-4, and increase again between week 12 and 36 (2—4 pm).
The sharp peaks between 4 and 6 pm do not return. Fur-
ther, from week 4 to week 12 and 36 a sharp increase in
frequency of smaller peaks (<2 pm) can be observed. The
development of the frequency as a function of peak area
(umz) is shown in Fig. 8. The results show that over time
the sample surfaces develop many small peaks, in the size
range of 1-2 um? and with a dominant peak area of
<1 pm?. After 2 and 4 weeks a decrease in the frequency
of larger peaks with an area between 2 and 8 pm? can be
observed. At longer times, 12-36 weeks, an increase in all

Fig. 6 Surface images of white chocolate pralines stored at a cycled
temperature (15-25 °C). Left 2D profilometry images (350 x
263 pm), produced from the same spot on the same sample, week
0, 2, 4, 12, 36. Some surface topological features disappear
completely over time (A), while some remain and become enhanced
with time (B). Right LV SEM images, from different samples, week 0,
2, 4, 12, 36, including protrusions (P) and other topological features
(D)

size ranges is observed. These results are consistent with
the images in Fig. 6, which show a presence of relatively
large protrusions at week 0, and then a development of
topological features of various sizes from week 2 to 36.

Quantitative Analysis by Peak Number (Peaks
per Observation Area)

The mean peak number per observation area (350 x
263 pum) as a function of time for samples stored at con-
stant and at cycled temperature, respectively, is shown in
Fig. 9. The results of the samples stored at 18 °C show a
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Fig. 7 Number of peaks per observation area (350 x 263 pum) as a
function of peak height for samples stored at a cycled temperature
(15-25 °C). The number is calculated as a mean of n = 9. The
standard error of mean is £1.0
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Fig. 8 Number of peaks per observation area (350 x 263 pm) as a
function of peak area for samples stored at a cycled temperature
(15-25 °C). The number is calculated as a mean of n = 9. The
standard error of mean is £0.9

sharp rise in peak number from week O to week 2 and 4
(From 49 to 290 peaks per observation area), which then
remains steady until week 12. The sharp increase from
week 0 to week 2 also agrees with the impression in Fig. 2,
where new topological features have developed after
2 weeks. In contrast to the samples stored at a constant
temperature, the peak number for the cycled samples
decreases from week 0 to week 2 (from 62 to 25 peaks per
observation area) and then remains stable until week 4.
Further on, between week 4 and 12, a sharp increase in
peak number can be observed (from 24 to 270 peaks per
observation area), which continues until week 36 (420
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Storage time (weeks)

Fig. 9 Number of peaks (1-10 um) per observation area
(350 x 263 pm) as a function of time for samples stored at 18 °C
(open triangles) and at 15-25 °C (filled circles), respectively. The
error bars show the standard error of mean

peaks per observation area). Also these results can be
correlated to the images in Fig. 6, where the surface
appears relatively smooth at week 2 and 4, and then an
increase in irregularities at the surface during week 12 and
36 can be observed. In addition, the peak number is within
the same order of magnitude (approximately 50 peaks per
observation area) at week O for all samples, which suggests
that the samples possessed a similar surface appearance
prior to storage at different temperature conditions.

Quantitative Analysis by Roughness, R, (um),
and Waviness, W, (um)

The roughness, R, is presented as a function of time in
Fig. 10. For the samples stored at a constant temperature,
the roughness increases from week 0 to week 2 (from 0.5 to
0.8 um) and then decreases to a value (0.5 pm) close to the
starting value. After week 4 the roughness increases again
(to a value of 0.7 pm). These roughness results can further
be connected to the surface images in Fig. 2, where an
increase in quantity of surface imperfections can be
observed at week 2. Then, at week 4, the protrusions
observed at week 0, disappear which would give a decrease
in roughness. Some of these protrusions then reappear at
week 12, where we also see an increase in roughness. On
the other hand, R, values for samples stored at a cycled
temperature behave similar to the peak number, where we
at first can observe a decrease in roughness, and then after
week 4 an increase. This similar behavior is probably due
to the fact that there are no protrusions observed after week
0. Thus, also R, for the cycled samples can be connected to
the images in Fig. 6. Further, the R, values lie within the
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Fig. 10 R, as a function of time for samples stored at 18 °C (open
triangles) and at 15-25 °C (filled circles), respectively, including
standard error of mean

same order of magnitude (around 0.5 um) at week O for all
samples. Thus, the samples displayed a similar roughness
prior to the distribution into different storage conditions.
Figure 11 presents the waviness, W,, as a function of
time for samples stored at a constant and a cycled tem-
perature, respectively. Both results indicate an increase
from week 0. Still, for the cycled samples the inclination is
steeper between week 4 and 12 than for the samples stored
at a constant temperature (AW, cycea = 0.12 pm and
AW, constant = 0.03 pm). This can be connected to the
profilometry images in Fig. 6, where there is a distinct
difference between week 4 and 12 in means of large
irregularities. In contrary, the overall waviness does not
seem to vary to any great extent in the images in Fig. 2.

Discussion

The results presented in Fig. 2 show that the pralines stored
at a constant temperature for 2 weeks display large pro-
trusions (as evident in Fig. 3) that are gradually changing
into ridge-like structures. The smooth nature of the pro-
trusions suggests that these topological features consist of
oil (i.e. are not crystallized), from the filling and the
chocolate matrix, that has been transported to the surface of
the chocolate. A convective flow of this type, spreading at
the surface, is probably caused by a pressure gradient. In
the case of samples stored at a constant temperature
(18 °C), the chocolate contracts due to crystallization. As
there is more liquid fat in the filling than in the shell, the
shell contracts more than the filling. This would lead to a
higher internal pressure that may press liquid fat to the
surface. Further, we suggest that the bloom development is
a two-step process (pores to oil-filled protrusions to
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Fig. 11 W, as a function of time for samples stored at 18 °C (open
triangles) and at 15-25 °C (filled circles), respectively, including
standard error of mean

crystals), with the mentioned protrusions initially forming
at the surface and then crystals nucleating and growing
from them. Thus, the developed ridge-like features are
most likely to be interpreted as an early sign of crystalli-
zation, and hence indicative for future bloom development.
These suggestions are supported by the quantitative data,
where the number of small peaks (Fig. 4) increases with
time rapidly in the first 2 weeks and the number of larger
peaks increases more gradually (Fig. 5). Further there is a
wide size distribution of the peaks (Fig. 5). These obser-
vations and suggestions agree well with earlier studies
observing conical protrusions acting as sites for crystal
growth and chocolate bloom [27, 28].

The possibility of sugar bloom formation is also to be
considered. However, since some of the ridge-like features
seem to be connected to the original protrusions we suggest
that these features consist of fat.

The results presented in Fig. 6 show that the pralines
stored at a cycled temperature after 2 weeks become
smoother, in contrast to the samples at the constant tem-
perature. Very few structures are observed in the micro-
scope although an increase in very small peaks is observed
(Figs. 7, 8). After a longer time, more shallow waves are
observed, an increased number of smaller peaks with a
large area and increased waviness (Fig. 11). The filling
shrinks and the shell expands according to the measured
macroscopic shape. Thus, we may assume that we might
have a flux of oil from the filling into the shell but to a
lesser extent to the surface. The early observations of
protrusions are most likely caused by a convective flow,
due to a pressure gradient originating from the shrinking
when the praline was formed. In this case of samples stored
at a cycled temperature, the temperature fluctuations
should lead to periodic changes in solid fat content (SFC).
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Further, temperature gradients arise within the chocolate
sample, a warmer surface when the temperature is
increased and a warmer interior when the temperature is
decreased. This would lead to an overpressure in the filling
during cooling and an under pressure during heating. Thus,
protrusions formed in the cooling cycle can be sucked into
the structure in the heating cycle. Therefore, volume
changes and pressure fluctuations would occur. Thus, it
may be concluded that the main mechanism taking place in
this case could be due to the fluctuation of the internal
pressure (which is due to the change in SFC), where liquid
fat is moving in two directions, i.e. pushed through the
chocolate shell and up to the surface and also reabsorbed
back into the chocolate shell [1, 11, 13]. However, as can
be seen in Fig. 1, the bottom of the praline eventually
cracked and moved towards the center of the praline. This
is probably an effect of the pressure differential, and as the
cracks appear the pressure differences should be equalized.

Some of the liquid fat that has been transported to the
surface may spread out over the surface and give rise to a
smoothening effect. Over time this liquid fat at the surface
could allow movement of the solid components (solid fat
crystals, sugar, milk solids, etc.) [12, 13], giving rise to the
surface topology that can be observed at week 12 and 36 in
Fig. 6. This can further be supported by the development of
peak number and R, and also by the peak height and peak
area results, which indicate an increase in amount of small
peaks, but also larger, shallow peaks over time.

The developed waviness, which has increased markedly
by week 12, may be interpreted as an effect of internal crystal
changes in the chocolate shell. As the composition of the
shell matrix changes, as a consequence of absorption of
filling fat, it will be more susceptible to re-crystallization.
Further support for this crystal growth within the matrix
comes from the observations of the nature of the surface
topology in the images after 12 and 36 weeks (Fig. 6).

The roughness and the number of peaks were consistently
higher for the samples stored at a constant temperature than
for the samples stored in a cycled environment, while the
waviness developed higher values for the cycled samples.
The LV SEM images from the samples stored at a constant
temperature showed, among other topological structures,
some needle-like crystals at the surface after 36 weeks of
storage. This was not the case for the samples stored in a
cycled environment, but instead other types of topological
structures were observed. The lack of needle-like fat bloom
crystals on the cycled samples could be due to the high
temperature during cycling. Thus, the fat bloom crystal
development could be connected to the higher values of
roughness and peak number, while the swelling and reor-
ganization of the chocolate matrix could be connected to the
higher waviness values. Since the samples were white, the
development of visual bloom was impossible to determine.

&\ Springer ANOCS &

Still, after 36 weeks the cycled samples appeared whiter than
the samples stored at a constant temperature. Thus, this color
change would not be due to developed fat bloom crystals, but
rather to other surface changes which are reflecting changes
within the chocolate matrix.

Since the migrating oil wells out at the surface, it may be
concluded that capillary flow is not the mechanism con-
nected to the protrusions in these studies. In the case of
capillary flow [19-21] the oil would stop at the surface level.
Still, capillary flow could be an additional mechanism
present, contributing to the absorption of oil into the shell.

Conclusion

This study demonstrates that the surface topology devel-
opment over time can be conveniently followed in a
specific area, by using profilometry, both quantitatively
and qualitatively. Further, the combined information from
profilometry and LV SEM can after validation provide an
analytical toolkit for the early recognition of surface
changes and hence early bloom development in the process
of chocolate manufacture and storage. Further, distinct
differences in surface topology development could be
observed between samples stored in two different envi-
ronments regarding macroscopic and microscopic infor-
mation, and regarding qualitative and quantitative data,
which all support each other. The statistical quantification
of the images shows that the degree of surface roughness
increases with time in terms of peak number, roughness,
waviness, peak height and peak area for both storage
environments, still with diverse magnitude and velocity.
Since the surface development was followed in the same
area of interest, the change of specific topological features
over time could be monitored and thus, together with the
statistical parameters, give more information to possible
mechanisms of fat migration. The results suggest that some
imperfections, in form of pores or protrusions, could play a
role in the development of fat bloom, and that there may be
different main mechanisms of fat migration taking place
depending on the storage conditions. Regarding the sam-
ples stored at a constant temperature we suggest a con-
vective flow as a main mechanism, where a two-step
process could take place, with oil protrusions initially
forming at the surface and then crystals nucleating and
growing from them. In the case of storage at a cycled
temperature there is a decrease in the filling volume,
probably caused by a migration of liquid fat from the filling
into the expanding shell. In addition our observations show
an effect which can be interpreted as a convective flow
through pores and cracks in two directions, i.e. up to the
surface and back into the shell. The driving internal pres-
sure fluctuations may be due to changes in the liquid to
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solid ratio in the fat at the surface and internally when the
temperature is cycled. Part of the liquid fat could be
pressed out at the surface, spreading out, allowing move-
ment of the solid components, while part of the liquid
fat could be reabsorbed into the chocolate shell, where
re-crystallization could occur.

Through this study a positive correlation of profilometry
data to early chocolate bloom development has been
established on white chocolate samples. Further work
needs to be undertaken, and is in progress, for the early
prediction of visible fat bloom and not only the monitoring
of early fat bloom development.
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