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The environmental scanning electron microscope (ESEM) has the ability to image both dry
and hydrated materials, without the need for a conductive coating, unlike conventional
SEM. This presents a unique opportunity to explore the structure and dynamic mechanical
characteristics of food systems, including those in a moist state. We have developed a
technique in which quantitative stress-strain relationships can be obtained whilst allowing
simultaneous imaging, by ESEM, of the mechanical response of a sample. The results of
in situ compression tests on dry and hydrated wheat flour breadcrumbs are presented and
discussed. It was found that a maximum in the critical fracture stress occurred at
intermediate moisture content (~16%). ESEM micrographs demonstrate the differences in
mechanical behaviour at three different moisture contents (nominally dry, 16% and 30%).
Our findings suggest that ‘voids’ in cell walls, along with discontinuities between starch
granules and gluten in the crumb, play an important role in fracture initiation. Further
evidence shows that voids may be bridged by ‘struts’ and ‘strings’ of matrix material, which
may be factors in the control of fracture propagation. © 2000 Kluwer Academic Publishers

1. Introduction activity on the interior, there is a driving force to equi-
Breadcrumb is an example of a manufactured cellulafibrate the widely differing water activity levels during
solid, consisting of partially gelatinized starch granulesstorage, resulting in a soft and soggy crumb coating. It
in a gluten matrix, supporting cells formed by escapingis usually possible to re-crisp the coating during deep
gases during baking [1]. The structure is that of an opeffiat frying or oven baking, although microwave cooking
cell foam, whose mechanical properties largely dependoes not provide sufficient dehydration in the majority
on the composition of the crumb, such as moisture conef cases [4]. Itis therefore of interest to explore the mi-
tent, cell size and shape and cell wall thickness. The presrostructural changes that occur in breadcrumb as func-
cise nature of the cell walls is governed by the relativetion of moisture content. Although several instrumental
proportions of ingredients and on the processing anénd sensory techniques are available for the analysis of
cooking conditions. A crisp texture is associated with aparameters such as stress, strain, elastic modulus and
low moisture content and low water activity level, when textural attributes, it has not previously been possible to
the starch/gluten matrix is in a glassy state. Increasstudy bulk properties using a real-time visual technique.
ing the water content of low moisture foods tends to Various instrumental studies have shown [5-8] that
lower the glass transition temperatdigof the matrix, ~ cellular cereal products have a tendency to be brittle
eventually leading to loss of crispness via a plasticizingand fragile at very low moisture content, with their re-
effect. sistance to fracture increasing significantly up to around
Breadcrumb coated foods, such as fish, cheese, fruit®-10% moisture. Beyond this, plasticisation begins to
meat, poultry, vegetables and sea foods, are a fasteduce the stiffness of the material rapidly, as the glass
growing food category [2]. Such coatings, usually basedransition temperaturg, is lowered. Our studies are in
on cereal flour, help to provide and protect flavour, tex-broad agreement with these findings, as will be demon-
ture and appearance, and may also be needed to hedprated. It was found that the dry crumb exhibited brittle
prevent oxidation, limit oil transfer, give freeze-thaw behaviour, but that the resistance to fracture increased
stability and extend shelf life [3]. Given that a breadedup to about 16% moisture content. At a higher mois-
food product (for example breadcrumb-coated chickenjure level, arbitrarily chosen to be 30% in this study,
has a low moisture content and low water activity onthe crumb was plasticised and had little resistance to
the exterior and a high moisture content and high watedeformation.
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The aim of this work was to develop a complemen- 25
tary technique in which quantitative stress-strain dat:
are linked with simultaneous imaging by electron mi-
croscopy, and then to apply the methodology to a spe
cific system. A specially designed straining stage wa - Condensation
therefore used, so that dynamic mechanical tests coul= 15
be carried out within the specimen chamber of an envi-g
ronmental scanning electron microscope (ESEM). The3 ¢
technique was applied to breadcrumb in an attempt t&
gaininsightinto the influence of moisture content on the
structural and mechanical characteristics of this mate
rial, and the results are presented by means of graphic
data and the corresponding ESEM images. 0
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2. Background to ESEM
The ESEM is able to image uncoated and hydratedfigure 2 The saturated vapour pressure curve of water, showing the
samples by means of a differential pumping System,condi‘tions necessary for stabilization of water-containing samples.Ap—_
and gaseous secondary efectron detector (9], The cifyo%echarges o s eperars of e saple o negresure i
ferential pumping system, illustrated in Fig. 1, enables
the electron gun and upper parts of the column to be
held at high vacuum (10 torr), whilst the level of the observation of organic/biological specimens in their
vacuum becomes progressively lower further down théatural state, especially as many such samples contain
column. Pressure limiting apertures allow the electrorvater (although care is needed in order to avoid damage
beam to pass through, but minimize the leakage of gasd® the sample by the irradiating electron beam). Speci-
between zones pumped at different rates. Within thénens may also be deliberately hydrated or dehydrated
specimen chamber, pressures of up to 20 torr can b@ situ, by shifting conditions in favour of condensa-
maintained [9]. The presence of water vapour, or othefion or evaporation of water. This can be achieved by
imaging gas, causes some scattering of the primardjusting temperature and/or pressure, in accordance
electron beam. Because the pressure is still low enoughith Fig. 2. Particular care is needed to ensure that
to prevent multiple scattering a sharp probe remainghydration or dehydration of samples is minimized dur-
superimposed on an additional large, flat ‘skirt’. Theing the initial pumpdown, when air in the chamber is
signal-to-background ratio remains high, and itis possiSystematically replaced by water vapour. With this in
ble to obtain images with a resolution of a few nanome-mind, an optimized pumpdown sequence has been de-
tres, depending on sample characteristics [9]. Hydratedeloped [10].
specimens can be stabilized by means of careful control An equally important feature of the ESEM, is the
of sample temperature and chamber pressure, in order figseous secondary electron detector (GSED), or en-
maintain a saturated vapour pressure of water above théronmental secondary detector (ESD), which replace
sample. The saturated vapour pressure curve of water ffie customary Everhart-Thornley and other solid state
Fig. 2 indicates the criteria needed for stabilization ofPackscattered electron detectors used in conventional
the sample. These conditions are particularly suited t$EM. The GSED (or ESD) actually relies on the pres-
ence of the gas between itself and the sample, as the
gas acts as a means of amplifying the signal generated

I |10-7 Tory by secondary electrons. The amplification of secondary
Ion i electrons arises via a gas cascade [11, 12], initiated as
pump tlament . ! . L
the emitted secondary electrons collide with and ionize
Condgnser lens gas molecules on their way to the positively biased de-
- - 1076 Torr tector. Further electrons are produced as a result, and
Objective lens these will also undergo ionizing collisions, thus propa-
:I I: gating the cascade and amplifying the signal, as shown
= o 1104 - 1075 Torr Pressure Limiting in Fig. 3. A by-product of the gas cascade is the pro-
- Aperture1 duction of positive ions that fall towards the sample
|| BN i surface, thereby helping to neutralize negative charge
| ' build-up. Conveniently, water vapour has been found
—— to possess the most efficient cascade properties of any
=1 . gas tested [13].
RP Specimen
_l—‘ chamber
! -20Tom Vent 3. Experimental

3.1. Sample preparation

Figure 1 Schematic diagram of the column of the ESEM, showing the .Loaves of bread were prepared to a standard recipe, us-

differential pumping zones and pressure limiting apertures (not to scale)19 3009 breadm?-king wheat flow g salf 3 g flour _
RP= rotary pump, DR=diffusion pump. improver (containing DATEM, amylase and ascorbic
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Figure 3 A simplified schematic diagram of the gaseous secondary elec-
tron detector (GSED) inthe ESEM. The primary electron beam impinges
on the sample, leading to the production of backscattered (not shown)
and secondary electrons. The positively biased detector accelerates sec-
ondary electrons through the sample-to-detector gap, colliding with and

'ﬂ’lemml?}/ conducting

ionizing gas molecules on their way, initiating a cascade of further elec- | t U Glaks fiock
trons and amplifying the signal. Positively charged ions fall towards the t I
sample surface, helping to neutralize negative charge build-up. B fme - ’
DT L=l 4 -
acid) 180.5 g tap water and 7.5 g wet, block yeast, and o =3 o
baked for 20 minutes in a deck oven at 200 After ‘ ‘T ‘ | Side view

cooling overnight, the loaves were sliced to a thickness e thip
of ~1 cmand dried in adomestic fan oven for 5 minutes_ _ o _

a1 102C. Eachsiice was furthercutinto 1 om cubes and S J00 s 21 S ISt sge o e
dried for 3 hours at 10Z, to give nomma"y dry crumb enables cooling of samples which, together with an appropriate chamber
samples. Final preparation involved cutting each cub@ressure (see Fig. 2), allows samples to be maintained in a hydrated state.
with a scalpel blade to give cuboids with typical dimen-

sions of 5 mmx 5 mmx 8 mm: each was accurately

measured with Vernier calipers prior to compressionwhereF = force, Ag = initial cross-sectional area of
testing. the samplelo = initial length andAl = change in

length of the sample.

3.9, Mechanical . In the first instance, crumbs at various moisture con-
l\/ie(.:ha gzalatr; !5(;:1 v::r'st:l ;égrformed using a specially det_ents were compressio_n tested using the straining stage

. L - J = ~described above, but with the stage operated outside the
signed straining stage with a heat exchanger, built b icroscope. This was done to ensure that the data pro-
Oxford Instruments, adapted to include a Peltier Chipduced did nbt contain artefacts due to changes in mois-
for temperature variation to _permit the controlled hy- ture content of samples in the environment of the micro-
dration of Sa”.‘p'e?v as desc.rlbed earlier. The_ stage ma§/cope chamber. Samples for these control experiments
be_ operated in elt_her tension or compression, as r.e(each repeated five times) were conditioned over satu-
quired. A schematic diagram of the straining stage Sated salt solutions, of known relative humidity, in an

Isoh;(;/vnelrn Flgcjeﬁbﬁmi?(l)(r?fdlgtaad C:”xﬁzgzgda’lt??a:g% vacuated dessicator [5]. Samples were weighed before
Versus : was nd after conditioning in order to deduce their moisture

2.5 readings per second. This data was fed to a COML 5 ntents
puter where it was converted to stress-strain informa- '
tion, based on the initial cross-sectional area and gauge

length of the sample, and cross head speed. The crogs3. ESEM conditions

head speed was 1im per second inall cases. Ifitis as- || experiments were carried out using an FEI Philips
sumed that the cross-sectional area of the sample beifflectroscan ESEM, model 2010. An accelerating volt-
tested does not change appreciably, then it is conveyge of 10 kV was always used, and dry samples were
nient to use the ‘engineering’ stress and strain, aVO'drmaged at room temperature and 4.5 torr chamber
ing the use _of a correction fac_:tor for _cross-sectlonabressure_ It was found that samples containing a pre-
area expansion during mechanical testing [14]. The eNgetermined moisture level could not withstand the ini-
gineering stressg and strairee are defined as follows: 5 optimised pumpdown sequence (mentioned ear-
oe = F/ Ao (1) lier) within the specimen chamber, as this resulted in
£~ dehydration, and the crumbs were therefore hydrated
ee = Al/lg (2) in situto replace lost moisturén situ hydration was
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achieved by lowering the sample temperature-8C 0.18
while increasing the chamber pressure to 5.8 torr. £ 0.16
moisture content of around 16% can be obtained af s 014
ter approximately 19 minutes under these conditions's ¢, ;>
with 30% moisture content taking around 32 minutes tce& )
achieve. A series of control experiments, carried out a § 0.08
atmospheric pressure and ambient temperature outsi(‘g 0.06
the microscope, were used as a basis for comparing thg 0.04
stress-strain results obtained afiteisitu hydration, to ‘
give an indication of the moisture content attained by
individual samples tested within the microscope.

0 + . T T T T
0 5 10 15 20 25 30 35

Moisture Content/%

4. Results and 'dISCUSSI'On . . Figure 6 Plot of critical strain as a function of moisture content for
Breadcrumbs with a series of different moisture con-preaderumb.

tents were compression tested using the tensile stage
illustrated in Fig. 4. For this series, tests were not car-
ried out within the chamber of the microscope, but
rather at atmospheric pressure and ambient temperi
ture. This enabled the general trends to be observe
much more simply and accurately than would be possi
ble within situtesting (the results ah situtesting will
be described and discussed later). The critical stres
determined from the maximum stress reached in eac
case, as a function of moisture content is shown ir
Fig. 5, while the critical strain as a function of moisture
content is shown in Fig. 6. These graphs resemble th
work of Attenburrow and co-workers [15] on the frac-
ture behaviour of extruded wheat starch and gluten
In that work, the fracture stress/strain of gluten was
small and showed no peak, but for wheat starch thert
was a significantincrease in stress/strain at around 10¢
moisture. This figure is somewhat lower than our esti-
mate of a peak at or near 16% moisture and may b
due the nature and structure of the samples. Our worl"
would appear to show that the mechanical response of ) o ) )
breadcrumb, as a function of moisture content, foIIOWSFlgure 7 ESEM micrograph of ‘strings’ commonly observed in the mi- ‘

. crostructure of breadcrumb. These features stretch across the small voids
the trend displayed by the extruded starch tested by,,nd within cell walls.
Attenburrowet al, rather than gluten. Other work on
cellular cereal foods has also found that an intermedi-

ate degree of moisture is accompanied by a peakin the ;o that inherent flaws and defects act as stress

stress/strain at failure, confirming that stiffening occurs : :
! . . concentrators [18], much of this work has been aimed
[6-8, 15, 16]. SubFy mechanical relaxationg (relax- [18]

i h b linked with plastici ddition i at identifying such possible flaws and observing their
ations) have een finked with plasticizer addition In behaviour under compressive stress, to understand their
polymers, leading to peaks in fracture resistance [17]'role in crumb fracture. A general feature of the bread-
crumbs being used in this study is the presence of small
‘voids’ within cell walls, presumably formed as a con-

0.7 sequence of escaping gases during baking. Stretching

0.6 across these voids, images show evidence of bridg-
s s ing structures, potentially important for mechanical be-
s * haviour. An example is shown in Fig. 7, where fine
§ 0.4 ‘strings’ appear to span from one side of a void to an-
‘ré 0.3 other. Given the scale of such features, it is likely that
5 they are mainly composed of gluten. Larger scale struc-
8 02 tures, here termed ‘struts’, have also been observed, of-
= 01 ten containing a small number of partially gelatinized

0 - starch granules.
0 5 0 15 20 25 30 35

Moisture Content/%

4.1. Dry crumb
Figure 5 Plot of critical stress as a function of moisture content for Compressmn teStmg' Of_ dry Cru_mb samples produced
breadcrumb. consistent results, within experimental error, whether
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the sample was tested using the straining stage outsidgrains (around 2%), due to their fragility, in agreement
the microscope or under ESEM conditions. with other findings [5]. A demonstration of the overall

It can be seen, from the stress-strain curve in Fig. 8failure mode of dry crumb is given in Fig. 9. The field
that a low energy input is required for the initiation of view is somewhat restricted in this particular ESEM,
and propagation of fracture, indicative of brittle be- as the final pressure-limiting aperture is small, plac-
haviour [19, 20], as is the jagged form of the plot [5]. ing constraints on the area of sample scanned by the
Furthermore, dry samples tend to disintegrate at lowelectron beam. Due to the relatively large scale of the
crumb structure, this allows only a small section of
the sample to be viewed. However, cell wall fracture
can clearly be seen as a crack propagates through the
structure, and this was observed to occur very rapidly.
Close-up images taken during the compression testing
0.3 1 of dry crumb are shown in Fig. 10, where the focus of
attention is on structural flaws. The series of images in
0.2 4 this figure clearly demonstrate that pre-existing discon-
tinuities between starch granules and the gluten matrix
are very likely to be weak points, and the presence of
0.7 A adjoining voids in the structure serves to concentrate
the stress on these flaws. Together, these factors provide
0 . . . . . . the source for a major failure mechanism at low strains.

0 002 004 006 008 01 012 Furthermore, the failure propagates very quickly as the
destroyed structure offers no resistance to further de-
formation. Fig. 11 shows another fracture surface in dry
Figure 8 Stress-strain curve for the compression of dry breadcrumb. Th&fUMb, where intact starch granules are clearly visible,
onset of fracture occurs at very low straind%). At around 12% strain, ~ suggesting that the gluten matrix has yielded preferen-
the sample disintegrates, indicative of brittle behaviour. tially and de-cohesion has occurred.

0.4 A

Engineering Stress (MPa)

Engineering Strain

Figure 9 ESEM micrographs showing the general failure of cell walls in dry breadcrumb. Black arrows indicate the direction of applied strain.
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Figure 10 Close-up ESEM micrographs of cells in dry breadcrumb, with the cell wall running down the centre. Before testing (a), the sample has
pre-existing voids in the starch-gluten matrix, along with regions where starch granules are incompletely adhered to the gluten (examples are marke
with white arrows). As the sample is compressed (b), these apparent weak points in the structure begin to mobilize. The structure then yields along

these flaws (c) as the brittle cell walls fracture rapidly and catastrophically. Black arrows show the direction of the applied strain.
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Figure 12 Stress-strain plot of crumb hydrateudsitu for 19 minutes at

5.8 torr and 3C, compared to that obtained for a crumb conditioned to
16% moisture content and tested under ambient conditions. The agree-
ment between the two plots is very good, particularly in terms of their
Figure 11 ESEM micrograph of another fracture surface elsewhere incritical yield stresses.

the sample. The presence of intact starch granules along the leading edge
of the fracture suggests that it is the gluten matrix that yields preferen-
tially.

4.2. Intermediate moisture crumb

Increasing the moisture content tal6%, as Figs 12
and 13 demonstrate, causes a significant change in the
behaviour of the breadcrumb. As noted earlier, it was
found that crumb samples with pre-determined mois-
ture contents appeared to suffer dehydration during the
pump-down procedure of the ESEM, despite due care to
preventthis. The resultwas a significant lack of correla-
tion between the stress/strain behaviour of like samples,
and so a method of situ hydration was developed as
described in the experimental section. To this end, the
stress-strain curves in Fig. 12 serve as a comparison be-
tween a typical compression test conducted outside the
microscope on a pre-conditioned crumb sample, and a
similar crumb sample hydrated and tegtesitu. Given  Figure 13 ESEM micrograph of crumb hydratéaisituto roughly 16%

the random nature of testing crumb samples the p|otg|0isture content. The strut within a void in the cell wall deforms con-
' s('gjerably before fracture occurs. Black arrows indicate the direction of

are in good agreement, and suggest that the methg plied strain
is successful. In terms of the mechanical behaviour of '
such intermediate moisture crumb samples, the plots
reveal a steep rise in the stress before the onset of failng [21]. It has been suggested that at moderate moisture
ure. The pronounced drop in stress immediately aftelevels such as this, the structural matrix is only partially
the critical stress is reached suggests that the crumblasticised and that this makes the structure more cohe-
has become ductile [19] or is undergoing plastic yield-sive and less prone to disintegration [5]. Duringsitu
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Figure 14 ESEM micrographs of another crumb hydrateditu to 16% moisture content. See text for discussion.

compression testing of intermediate moisture samples 02

the rate of fracture initiation and propagation was visi- E 018 |~ dmedinsic

bly slower than in the dry crumb samples. This is borne= 016 - ~30%moisnre q/\

outin Fig. 12 where the strain at maximum deformation : 014 | — ~2Wenvisnee V:
is roughly 15%, compared to only 2% for dry samples. § ;2 1 / ./
The strut shown in Fig. 13 appears to exhibit ductilezy ¢y - /

behaviour, as it is seen to distort significantly, before g -
eventually failing. It is possible that struts such as this’§ s -
provide resistance to the propagation of cracks, at inter‘§ 004 -
mediate moisture, by absorbing energy and thereby in go 002 - W
creasing the mechanical strength of the crumb, perhap 0 J== : ‘ ‘ ‘ ;
leading to stiffening. A further facet of the deformation

of intermediate moisture crumb is shown in Fig. 14, 0 005 01 15 02 025

and again, attention has been focused on several voic Engineering Strain

Wlthm- the -Ce” wall. In 14a, void A 'S brldged by_strlngs Figure 15 Stress-strain plot for a crumb sample hydrateditu to ap-

in a direction para”el to the apphed strain, while voids proximately 30% moisture content. The stiffness of the sample has dra-

B_ and_ Care bridg_ed by struts. The_StrUt invoid Cisin Qmatically decreased, as evidenced by the very shallow curve. The results
direction perpendicular to the applied stress. At a smalbf testing pre-conditioned crumbs, under ambient conditions, are also

strain, 14b, void A has failed and the accompanyingshown for comparison.

strings have snapped. A crack has also begun to prop-

agate from right-to-left, and has weakened the regiornthe crack propagates, it is evident that the stress is con-
between voids B and C. The perpendicular orientatiorcentrated on the strut in void B, causing it to fracture at
of the strut in void C confers little or no additional the base. This seems to deflect the path of the crack, asa
strength, and the crack propagates, as shown in 14c. Asw crack emerges at the top of the strut, shown in 14d.
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Figure 16 ESEM micrographs of crumb at approximately 30% moisture content (based on data obtained from samples at 30% moisture content that
were tested outside the microscope). The sample has been subjected to a cyclic test, and it is possible to see how the cell featured is able to buckle

elastically, (a)—(d), and then recover the applied strain upon its removal, (e)—(f). Black arrows indicate the direction of the strain appliéd in (a)

A stress-strain plot representing the behaviour of high
moisture crumb, arbitrarily taken to be 30% or higher

in these experiments, is shown in Fig. 15. Again, the
crumb has been hydrated and testeslty, as described
inthe experimental section. The resultis compared with ?

4.3. High moisture crumb *

the outcome of tests on crumb samples that have bee
pre-conditioned to approximately 20% and 30% mois-
ture contents, and then compression tested under an
bient conditions. It is clear that the crumb hydraied
situbehaves in a similar manner to the crumb with 30%
moisture. From the stress-strain plotsitcan be seen tha
at high moisture content, the crumb is highly plasti-
cised. Such behaviour has been likened [6] to the effec
of plasticisers on synthetic polymers, in which plas-
ticiser molecules screen off attractive forces betweer
polymer chains and/or enlarge the spaces between poly
mer chains, allowing chain segments greater freedon
of movement [22, 23]. This plasticisation is mani-
fested as a decrease in the glass transition temperatu
Ty [24]. The compression-decompression cycle shown
in Fig. 16 demonstrates the elastomeric behaviour tha
is to be expected of such a sample. The cell wall buck-
les elastically during compression and, upon removal 150 im
of the applied stress, all of the strain is recovered as the
cell wall resumes essentially its original shape. Fina”y,Figure 17 ESEM micrographs showing the behaviour of struts at high
Fig. 17 follows the mechanical response of struts in anoisture content.

crumb of roughly 30% moisture. After a small strain,

the strut marked in the figure has begun to bend, 17b,

and by 17c this is even more noticable as the cell wallghe outlines of starch granules on the surface of the sam-
on either side of the void begin to close in on each otherple, visible in 17a—c, are obscured as water is squeezed
In 17d there is dramatic change in the strut’s responsdrom the matrix. The strut continues to distort, without
as it begins to buckle in the opposite direction to that infracturing, until it begins to touch a neighbouring part
which it was previously bending. It is also apparent thatof the void, 17e. Upon removal of the applied stress,

150 pym
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171, the strut begins to recover, although the structure This innovative technique has therefore been used
has been rather disrupted by excess water and so corfer a revealing study of breadcrumbs. It is hoped that
plete recovery is not observed in this region. It is clearESEM will become a valuable complementary tool for
that the strut did not fracture, even at very high strainthe investigation of the mechanical properties of many
although there was some evidence of cell wall failuredifferent materials, particularly those not previously ac-
in other parts of the sample. cessible by electron microscopy.

5. Conclusions Acknowledgements

A method has been developed whereby quantitativd he authors wish to thank Dr B.L. Thiel and Mr P. Bone
stress-strain data has been obtained for breadcrumb, fatr their assistance. Funding for this work was provided
different levels of hydration, coupled with simultane- by BBSRC and Du Pont (UK) Ltd., Cereals Innovation

ous imaging of failure mechanisms within the ESEM. Centre, Cambridge, England.

Samples can be imaged in their natural state, requiring
none of the standard preparation techniques such as the

freezing/drying and metallic coating needed in convenReferences

tional SEM. The ESEM provides good depth of field, 1.
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mechanical testing on a wide range of materials, en-,
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respond in real-time, dynamic experiments.
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