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Application to extrusion processing 
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Abstract 
We use pressure-variable differential scanning calorimetry to detect and characterize ther- 

mally induced transitions (glass, melting, gelatinization) in pre- and post-extruded wheat flour. 
The resulting data allow us to construct a two-dimensional state diagram which maps the physical 
states that pre- and post-extruded wheat flour can assume, at constant pressure, as a function of 
moisture content, temperature, and the specific mechanical energy, SME, generated in the ex- 
truder. We describe how this state diagram can be used to map the path of extrusion processing, 
to assess the impact of extrusion conditions, and, ultimately, to design formulations and process- 
ing conditions that result in desired end-product attributes. For the extrudates, we find that the 
extent of processing-induced fragmentation, as monitored by reductions in the extrudate glass 
transition temperature, Tg, increases with the SME generated in the extruder. We demonstrate 
that a wheat-flour state diagram, which includes the glass curve of the wheat-flour extrudates 
produced at various SME values, allows one to predict and control the impact of processing con- 
ditions on extrudate properties. 
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Introduction 

The development of a fundamental understanding of the influence of proc- 
essing and storage on food products requires studies which elucidate how the 
physical properties of food materials vary as a function of conditions which 
simulate processing and storage environments. These conditions can range from 
the relatively mild environments associated with food storage to the extreme 
conditions frequently encountered during extrusion processing (e.g. applied 
thermal and mechanical stresses at low moisture contents). The data which re- 
sult from such studies can be used to construct multidimensional state diagrams, 
which describe the states of a material prior to and during processing. Similar 
state diagrams for the corresponding products can be constructed and used to 
assess the physicochemical changes which result from processing as well as 
product storage. 

An understanding of the effects of processing and storage on the physical 
properties of food materials should allow one to predict and ultimately adjust, 
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in a rational fashion, the formulation of raw materials and the processing pa- 
rameters, so as to achieve desired end-product attributes. A knowledge of 
correlations between the physical properties of food materials and end-product 
sensory attributes also should provide a rapid and objective means for assessing 
the quality of food materials, with the overall goal of maintaining or improving 
quality. To achieve these goals, one first must develop a database via systematic 
studies in which the physical properties of food materials are characterized as a 
function of variables which are relevant to processing and storage conditions. 
The resulting database then can be used to construct multidimensional state dia- 
grams which map the impact of processing and storage on end-product 
attributes [ 1]. 

As early as 1966, White and Cakebread [2] recognized the importance of 
characterizing the physical state(s) of sugars in sugar-containing food products 
to interpret some of the defects associated with changes in storage conditions 
(e.g., temperature, relative humidity). These investigators discussed the impli- 
cations of the breakdown of the glassy state on the quality, safety, and storage 
stability of boiled sweets, milk powder, ice cream, and some freeze-dried prod- 
ucts. Since 1966, numerous other researchers have measured fundamental 
properties (thermodynamic, rheological, kinetic) to define the physical states of 
food components under conditions which simulate processing and storage. Be- 
cause the nature of these physical states can be related to the quality, shelf life, 
and sensory attributes of the end products, physical characterization of food 
components has received growing attention in the food science literature. This 
literature recently has been reviewed by Slade and Levine [3]. 

Over the years, a number of investigators have proposed that state diagrams 
(which map the physical states a material can assume as a function of concen- 
tration, temperature, pressure, and time) can be used to develop a fundamental 
understanding of food products and processing [4-8]. Specifically, Franks and 
coworkers [4] developed state diagrams for hydrophilic polymers, in connection 
with their use as cryoprotectants in the preservation of biological structure. 
Levine and Slade [5] described the application of an idealized state diagram for 
a hypothetical small carbohydrate to explain and/or predict the functional be- 
haviour of such carbohydrates in frozen foods, in connection with cryo- stabili- 
zation technology. These researchers proposed that the glass transition should 
be considered the critical reference point, because various food materials are in 
an amorphous state. Roos and Karel [6] discussed the use of a "generic", sim- 
plified state diagram for a water-soluble food component to show the effect of 
temperature and moisture content on stability and material characteristics. They 
also suggested the possibility of using such diagrams to map the path of various 
food processes, as had Slade and Levine [7]. 

Recently, Slade and Levine [8] demonstrated that a sucrose-water state dia- 
gram (which reveals the relative locations of the glass, solidus, liquidus, and 
vaporus curves) is useful for characterizing various aspects of cookie and 
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cracker manufacturing, including dough mixing, lay time, machining, and bak- 
ing, as well as for characterizing finished-product texture, shelf life, and storage 
stability. In a very recent review, Roos [9] reemphasized the use of glass transi- 
tion temperature (T~) values to establish state diagrams which describe the effect 
of composition on stability and which show the effects of temperature and mois- 
ture on viscosity, structure, and crystallization. 

The above literature survey reveals that considerable attention has been di- 
rected towards characterizing the physical properties of food materials as a 
function of conditions relevant to food processing and storage. Extrusion, a fre- 
quently employed form of processing, is a high temperature, high shear cooking 
process that finds wide application in the food industry for preparation of 
breakfast cereals and snack foods. Starch- and protein-based cereal flours are 
frequently encountered as major components of the raw material mixtures for 
extrusion processing. As extensively discussed in a recent review by Slade and 
Levine [10], there have been a number of studies designed to characterize the 
thermally induced transitions (glass, melting, gelatinization, crystallization) in 
individual biopolymer components of cereal flours, as well as the influence of 
water on these transitions, with the ultimate goal of developing an under- 
standing of structure-function relationships. Use of thermal data on individual 
components to interpret complex systems, such as studied here, ignores interac- 
tions between the components and the potential alteration of component thermal 
properties which might occur as a result of the separation process. Because 
wheat flour is a complex mixture of interacting biopolymers, the flour itself 
provides the appropriate thermodynamic reference state for extrusion-induced 
alterations in the thermal properties of the extruded material. We have designed 
and executed experiments to elucidate the differential thermal properties of pre- 
and post-extruded wheat flour (a real food system) as a function of plasticizing 
water. One of the primary objectives of the study reported here is to develop a 
state diagram for wheat flour, with the goal of characterizing the physical state 
of the wheat flour prior to, during, and after extrusion processing. To focus on 
the effects of two specific variables of interest, namely temperature and mois- 
ture content, we have used our experimental data to construct a simplified, two- 
dimensional state diagram for wheat flour. Differential scanning calorimetry 
(DSC) was used to detect and define those temperatures which correspond to 
significant thermally induced transformations (glass, melting, and gelatinization 
transitions), over temperature and moisture content ranges which simulate ex- 
trusion processing. Curves on the state diagram, which define the moisture-con- 
tent dependence of these transition temperatures, form the boundaries between 
regions which correspond to particular states of the wheat flour. To exemplify 
how these data can be exploited to broaden our understanding of cereal flour 
processing, we have mapped on this state diagram the path of a high tempera- 
ture extrusion cooking process. We also have placed the Ts values of wheat flour 
extrudates on the state diagram to assess the impact of shear, in terms of specific 
mechanical energy (SME), on the wheat flour during extrusion processing. 
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The results reported here build on and expand our understanding of the in- 
fluence of SME on wheat flour fragmentation, which can be monitored by 
reductions in Tg. Consistent with our previous study on corn flour extrudates 
[1], we found in this work that the T~ values of wheat flour extrudates decrease 
with increasing SME generated in the extruder. In conjunction with the rela- 
tionship between Tg and the sensory attribute, crispness, [1], which we have 
observed for corn flour extrudates, our wheat-flour state diagram can be used 
to define processing conditions which yield extrudates with desired sensory at- 
tributes. Furthermore, because our wheat-flour state diagram covers wide 
ranges of temperature (0-230~ and moisture content (0-70 %), it can be used 
to characterize other processes, such as pasta extrusion, for which wheat flour 
is a raw material. 

E x p e r i m e n t a l  

Materials 

Hard wheat flour was obtained from Bay State Milling Co. (Winona, MN). 
According to the analysis provided by the supplier, the wheat flour contained 
11.4% protein and less than 1% lipid. Amylose-to-amylopectin ratio of starch 
present in the wheat flour was 1:3. We determined the moisture content of the 
wheat flour to be 8 to 9% by freeze-drying. All percentages reported in the text 
are by weight, on a wet basis, with reference to the moisture content measured 
by freeze-drying. 

Extrusion 

Wheat flour was extruded in a corotating, self-wiping, twin-screw extruder 
with a barrel diameter of 30.9 mm (Werner & Pfleiderer, model ZSK-30, Ram- 
sey, N.J.). The extruder barrel consists of five zones. Each zone is heated by 
resistive electric heaters and is equipped with an independent temperature con- 
trol. The outside diameter (D) and total length (Lto~3 of each screw are 
30.7 mm and 878 mm, respectively, with a LtojD equal to 29.3. Each screw 
had forward conveying elements (Loo,wy/D=21.9), two mild mixing elements at 
210 and 336 mm (Lmild mlxi,~/D=2.7), six kneading elements at 434, 504, 618, 
688,766, and 780 mm (Lk,~di~/D=3.6), and two reverse elements (Lr~v~,/D = 
1.1). The die diameter and length were 3 mm and 15 ram, respectively. 

Wheat flour was fed into the extruder using a loss-in-weight feeding system 
(K-Tron Corp., Pitman, N.J.). Water was introduced to the extruder immedi- 
ately after the flour feed zone. The extrusion process moisture levels specified 
in Table 1 were adjusted with a metering pump (US. Electric Motors, Milford, 
CT). A TPT 463E-10M transducer (Dynisco, Sharon, MA) was used to meas- 
ure the temperature and pressure of the extrudate at the die. 
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Mass flow rate and screw speed were adjusted to yield different SME values, 
which were calculated using the following equation: 

SME = Torque • screw speed 
mass flow rate 

A total of six test runs was performed, encompassing two die temperatures 
and two feed-moisture levels. Table 1 outlines the extrusion process moisture, 
screw speed, total mass flow rate, extrudate temperature at die, and SME values 
for the six test runs on wheat flour. 

Table 1 Extrusion operating conditions 

Extrusion process moisture: 16% 

Sample Screw speed/ Total mass flow rate/ Extrudate temp. at die/ SME/ 

No. rpm g rain -l ~ kJ kg -I 

E1 500 225  160 1016 

E2 300 400 160 554 

E3 300 225 185 432 

Extrusion pmeess moisture: 20% 

E4 500 225 185 416 

E5 300 225 160 331 

E6 300 400 185 236 

Sample preparation for DSC experiments 

A state diagram for wheat flour was constructed over a moisture content 
range of 0 to 70%. Freeze-drying was used to determine the initial moisture 
contents of the pre- and post-extruded wheat flour and to prepare dry flour and 
extrudate samples for DSC experiments. All extruded samples were ground 
with a mortar and pestle prior to DSC measurements. 

Wheat flour samples of up to 18.7% moisture content were prepared by 
equilibration in dessicators over Various saturated salt solutions for 48 h. The 
salts used were LiCI, KC2H302, MgCI2, NaCI and KNO3. Saturated solutions 
of these salts at 25 ~ produce relative humidity environments of 11, 23, 32,75, 
and 93%, respectively [11]. The sample moisture contents after equilibration 
were determined by measuring increases in sample weight. Corresponding 
equilibrated moisture contents of the wheat flour samples were 6, 7.8, 8.9, 
14.7, and 18.7%. The samples of higher moisture content (up to 70%) were 
prepared by mixing wheat flour and water. 

DSC experiments 

DSC curves of wheat flour and its extrudates were recorded using a computer- 
controlled, pressure-variable, differential scanning calorimeter (DSC 111, 
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Setaram, France). This instrument allowed us to heat the samples over selected 
temperature ranges, while maintaining a predetermined, controlled pressure. 
The ability to maintain a constant pressure is a feature which distinguishes this 
calorimeter from conventional DSC instruments and permits a true measure- 
ment of specific heat capacity (Cp) as a function of temperature. The pressure 
was held constant at 30 atm during the DSC measurements, thereby shifting the 
water-vaporization peak outside the temperature range within which the thermal 
transitions of the pre- and post-extruded wheat flour are observed. All DSC 
measurements were conducted using fluid-tight, stainless steel crucibles with 
controlled-pressure environments. An empty crucible identical to the sample 
crucible was used as a reference. The sample and reference crucibles were 
heated at 5~ min -1 from 1 to 150~ cooled to I~ at 20~ min -1 equilibrated 
at 1 ~ for 2 h, and then heated a second time to 220~ This procedure elimi- 
nates differences due to the thermal history of the sample, as well as obliterates 
an overlapping irreversible endothermic transition present at approximately 40- 
60~ in the 1st heating scan. Pressure-variable DSC provides the advantage of 
maintaining the moisture content of the samples constant during the heating and 
cooling scans. Melting and gelatinization temperatures were determined from a 
single-scan experiment to 220~ because these transitions are irreversible. 

DSC curves were normalized to yield the specific heat capacity as a function 
of temperature. The transition temperatures for the thermally induced transfor- 
mations (e.g. glass, melting, and gelatinization transitions) in wheat flour 
samples and the glass transition in wheat flour extrudates were determined from 
the heat capacity curves. All Tg values were determined from the inflection 
point of the specific heat capacity vs. temperature cur~,e taken from the second 
heating scan. The inflection point which corresponds to T~ was taken to be the 
temperature corresponding to the peak in the dCp/dTvs. T curve. The peak tem- 
peratures of the endotherms for ice melting, starch melting, and starch 
gelatinization are reported as the corresponding transition temperatures. 

Results and discussion 

To characterize the impact of processing on a raw material, one can con- 
struct multidimensional state diagrams for the raw material and the product. As 
discussed by various authors [5, 6], the establishment of a state diagram tbr a 
raw material requires one to characterize thermally induced transitions as a 
function of temperature, pressure, moisture content, time, and additives. To as- 
sess the impact of processing, one must construct a complementary multi- 
dimensional state diagram for the product. The dimensions of this product state 
diagram, in addition to those listed above, also must include the processing pa- 
rameters. The high dimensionality of such complete state diagrams makes 
interpretation and application of these data difficult. Consequently, as described 
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below for wheat flour, it is desirable to develop simplified state diagrams of 
lower dimensionality. 

In this study, the thermal properties of wheat flour, as measured by pressure- 
variable DSC, were used to construct a state diagram. To eliminate the effect of 
changes in pressure during the heating scan, thereby simplifying the state dia- 
gram, we kept the pressure constant over the entire temperature range of DSC 
measurements. Pressure-variable DSC allowed us to heat samples adiabatically 
at a predetermined, controlled pressure over a selected temperature range. The 
capability to conduct experiments at a defined and controlled pressure is impor- 
tant and contrasts with conventional DSC instruments. In a conventional DSC, 
the sample is sealed in a cell and thus experiences an uncontrolled increase in 
pressure with increasing temperature (a pressure-cooker effect). In addition, in 
a conventional DSC, for samples with high moisture contents, the upper tem- 
perature limit of the experiment is dictated by the sample pan's ability to 
withstand the pressure developed (around 11 atm). However, in a pressure-vari- 
able DSC, the upper temperature limit is dictated by thermal decomposition of 
the sample. This becomes a highly practical feature, especially when we con- 
duct our measurements under high temperature/pressure conditions which 
simulate extrusion processing. The simplified wheat-flour state diagram de- 
scribed below maps the influences of moisture content and temperature on the 
physical state of wheat flour at constant pressure. We also describe below how 
this diagram can be used to map the path of extrusion processing, to assess the 
impact of extrusion processing conditions, and, ultimately, to design processing 
conditions to achieve desired end-product attributes. 

Wheat--flour state diagram 

Figure 1 shows a simplified two-dimensional (temperature and moisture 
content) wheat-flour state diagram at 30 atm pressure. This diagram maps the 
various physical states that wheat flour can assume as a function of its moisture 
content and the temperature to which it is subjected. Changes between these 
states appear as apparent anomalies in the temperature dependence of the spe- 
cific heat capacity of the material. Being a partially crystalline polymer system, 
wheat flour displays thermally induced transitions typical of both amorphous 
and crystalline materials. We have placed on Fig. 1 the transition temperatures 
of the calorimetricaily detected, thermally induced transitions as a function of 
moisture content, to construct melting, gelatinization, and glass curves for 
wheat flour and a melting curve for the freezable water. Although wheat flour 
is a mixture of biopolymers, we could observe a single, apparent Tg in our DSC 
studies. This does not necessarily mean that there is only one glass transition. 
However, if the energy associated with any glass transition, which manifests it- 
self as a heat capacity change, is small enough, that particular transition may 
not be detectable. 
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Fig. 1 Two-dimensional wheat-flour state diagram at 30 atm, showing the temperatures 
which correspond to the ealorimetrically detected, thermally induced transitions 
(glass, melting, and gelatinization) as a function of moisture content; 
�9 Tin, �9 Tg, , Tg~l for wheat flour, and = Tr, for ice 

Inspection of Fig. 1 reveals the influence of water as a plasticizer, a property 
which is apparent from the decreases in both Tg and melting temperature, Tin, 
with increasing moisture content. Specifically, as the moisture content of the 
wheat flour increases from 0% to 20% (a range over which Tg can be measured 
with our calorimeter), the value of Tg drops rapidly by about 8~ of mois- 
ture added). A similar extent of water plasticization [~7.3~ of moisture 
added), up to 20%] is evident from the T~ vs. starch concentration curve for rice 
starch, a partially crystalline biopolymer system, reported by Biliaderis [12]. 
Slade and Levine [13] have discussed the influence of water as a plasticizer on 
water-compatible, amorphous and partially crystalline polymers, an effect 
which has been observed by a number of investigators as a depression in Ts. 
Typically, at low moisture content (~< 10% water), a 5-10~ of moisture) 
reduction of Tg is reported. Recently, Kalichevsky et al. [14, 15] published 
glass transition curves for amorphous amylopectin samples with moisture con- 
tents in the 10-25% range and for amorphous wheat gluten samples with mois- 
ture contents up to 16%. Both studies demonstrated that the Tg-depressing effect 
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of water continues beyond the 10% moisture content range [7~ of mois- 
ture), over 10-25% moisture, for amylopectin [14] and 10~ of moisture), 
over 0-16% moisture, for wheat gluten [15]], in agreement with our studies on 
wheat flour. 

Further inspection of Fig. 1 also reveals that plasticization can be achieved 
by increasing the temperature at a constant moisture content, as well as by in- 
creasing the moisture content at a constant temperature. At constant moisture 
content, as the temperature increases, the amorphous regions of wheat flour go 
through a glass transition, leading to an increase in the translational and rota- 
tional motions of the polymer chains, due to an increase in volume. Similarly, 
the addition of moisture at constant temperature results in an increase in the 
segmental mobility of polymer chains, due to an increase in free volume and/or 
replacement of polymer-polymer hydrogen bonds by more labile water--poly- 
mer hydrogen bonds [13]. Such enhanced mobility in the system leads to 
relaxation of structure at a lower temperature, and thus a lower Tg. 

At a moisture content lower than 20%, a high temperature endotherm ap- 
pears in the DSC curves, which corresponds to the melting of crystalline 
regions of wheat flour. The transition temperature of this melting endotherm 
(Tin) shifts to lower temperatures as the moisture content of the wheat flour in- 
creases. At temperatures above the melting curve defined by T,n values as a 
function of moisture content, a free flowing, amorphous liquid state is reached. 
A second endotherm begins to appear, above 23 % moisture, at temperatures be- 
low the high temperature melting endotherm. The transition temperature of this 
second endotherm (T~0, which frequently is referred to as the gelatinization en- 
dotherm, is not as sensitive to moisture content as is Tin. At about 67% 
moisture, the two endotherms coalesce into a single endotherm, the transition 
temperature of which is independent of further increases in moisture content. 
Several models have been proposed to explain the phenomenon of multiple en- 
dotherms in thermal studies of starches. These issues have been reviewed by 
Biliaderis [ 12]. 

A complete characterization of wheat flour requires further investigation. In 
addition to the two important variables (temperature and moisture content) stud- 
ied in this work, a complete simulation of processing and storage conditions 
should include characterization of the effects of time, composition of wheat 
flour, and additives. Levine and Slade [5] suggested that a time axis be included 
in the state diagram to describe kinetically controlled phenomena in the rubbery 
state that is often reached during processing and under some storage conditions. 
Wheat flour is expected to show compositional changes, depending on the re- 
gion, season, and cultivar. We believe that further research, focusing on a 
systematic study of physical properties of wheat flour as a function of protein, 
lipid, and starch contents and amylose-amylopectin ratio, is needed to assess 
the extent of composition-induced changes in the physical properties. In a re- 
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cent study of corn flour extrudates, we have shown that addition of sucrose will 
decrease the T 8 of extrudates, resulting in a loss of crispness [16]. Such infor- 
mation can be used to adjust the formulation and/or processing conditions in a 
rational fashion. 

In summary, a fundamental understanding of the physical properties of pre- 
processed material, as embodied in a state diagram, is important, so that in con- 
junction with subsequent studies on extrudates, as described below, one can 
predict the impact of processing on the physicochemical properties of food ma- 
terials. Armed with this ability, one should be able to control the processing 
conditions to improve the quality and stability of products. 

The impact of extrusion processing on wheat flour 

Mapping the path of extrusion processing 

High temperature cooking-extrusion processing is used to manufacture 
ready-to-eat (RTE) cereals and snacks. Cereal and snack manufacturers often 
prefer extrusion processing over other processing techniques, because it creates 
highly expanded products, produces a wide variety of shapes and textures, 
cooks in a single processing step, and allows processing at relatively low mois- 
ture contents. For these reasons, it is desirable to elaborate the state diagram 
shown in Fig. 1 to include extrusion processing, as described below. 

Figure 2 shows the wheat-flour state diagram on which we have superim- 
posed the path of the high temperature cooking-extrusion process. This state 
diagram contains information relevant to the steps of extrusion processing (mix- 
ing of flour and water, high temperature cooking, puffing, and cooling), as well 
as to the final extrudate texture and storage stability. Prior to extrusion, wheat 
flour is primarily in a glassy state, but includes some crystalline regions. Water 
added prior to extrusion leads to extrusion moistures which typically range 
from about 15% for production of puffed snacks to 20-25% for production of 
RTE cereals [17]. Upon mixing with water, amorphous regions of the flour be- 
come plasticized. In fact, at high moisture, the wheat flour goes through its 
glass transition and becomes rubbery even at room temperature. 

Cooking-extrusion normally require s temperatures higher than 150~ Be- 
cause of the high shear generated at fairly low moisture contents, the conversion 
of mechanical energy applied to wheat flour can go beyond thermal dissipation 
towards molecular energy storage [18]. Thermal dissipation results in an in- 
crease of temperature in the extruder. Stored molecular energy can result in 
polymer deformation, followed by elongation, and ultimately, bond rupture 
leading to fragmentation [18]. Depending on the level of applied mechanical en- 
ergy, the extent of fragmentation in wheat flour varies. Discussion of process- 
ing-induced fragmentation will be deferred to a later section. With the increased 
temperature in the extruder, the crystalline regions of wheat flour melt, and ul- 
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Fig. 2 The wheat-flour state diagram on which the path of a high temperature extrusion 
process is superimposed. The symbols are the same as in Fig. I 

timately, a free-flowing liquid state is reached. It should be recognized that cal- 
orimetric T~ values marked on the state diagram may only provide approxima- 
tions for extrusion-based melting temperatures. As the extrudate exits the die, it 
expands due to die swell [19], vapor pressure-driven bubble growth, and flash- 
ing-off of moisture. The extrudate cools as a result of heat loss to the surround- 
ings and vaporization of moisture, and reaches a rubbery state. Expansion 
continues in the rubbery state until a critical temperature; at this temperature, 
the pressure within the bubble is reduced to below atmospheric pressure [20]. 
Mitchell et al. [20] claim that the extrudate experiences a shrinkage with cool- 
ing below the critical temperature, because a partial vacuum is created within 
the bubble. Fan et al. [21 ] proposed a computer model to simulate bubble ex- 
pansion followed by shrinkage, assuming that vapor pressure is the dominant 
factor. Their calculations showed that bubble-wall movement ceased when ex- 
trudate temperature fell below Tg+30 K. As the extrudate cools further toward 
ambient temperature, it goes through its glass transition and assumes a glassy 
state. In the glassy state, depending on the difference between ambient tempera- 
ture and Tg, molecular motions are largely restricted to vibrations and short- 
range rotational motions. Consequently, extrudates can maintain the expanded 
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shape which they assume after extrusion. Because the transitions between these 
states are kinetically controlled, and various states are achieved before tempera- 
ture equilibrium is reached, it should be emphasized that for complete charac- 
terization, time must be incorporated as another dimension in the state diagram. 

The temperature and moisture content ranges covered by the wheat-flour 
state diagram presented here correspond to those applied to cereal flours as part 
of many food-processing operations, such as baking, pasta extrusion, and high 
temperature cooking-extrusion. In addition to its application to high tempera- 
ture extrusion processing, as described above, our wheat-flour state diagram 
also can be and has been used to map the path of pasta-extrusion processes (un- 
published results). In fact, along any of the processing paths listed above, one 
can determine the physical state of the wheat flour by locating the intersection 
of the temperature and moisture content values corresponding to a given stage 
of the process. For any raw material, such a diagram can be used as a predictive 
tool for evaluating the performance of that material during processing. This pre- 
dictive ability, prior to processing, enables one to improve performance, if 
necessary, by changing processing conditions and/or changing the formulation, 
so as to favor desired end-product attributes. 

Placement of  extrudates on the wheat-flour state diagram 

We have shown previously that the Tg values of extrudates can be related to 
product sensory attributes [1]. Here, we develop further correlations between 
the thermal properties of raw materials and products, so as to develop a predic- 
tive capability which will permit rational adjustments of raw material 
formulations and processing conditions to yield desired end-product attributes. 

During processing, irreversible changes may occur and new structures may 
develop. Thus, a complete characterization of the impact of processing requires 
construction of state diagrams for both the raw materials and products. To this 
end, we have used DSC to evaluate the thermal properties of wheat flour ex- 
trudates. By comparing the wheat flour data described earlier with DSC data on 
extrudates, we have evaluated the effects of extrusion processing on the wheat 
flour as a function of SME. Specific heat capacity vs. temperature curves of ex- 
trudates produced at various SME values and extrusion moistures were 
constructed (data not shown). These curves revealed the only thermal transition 
observed for the wheat flour extrudates to be a glass transition, which is char- 
acteristic of an amorphous material. This result was in agreement with an 
expectation based on our earlier X-ray diffraction studies on corn flour ex- 
trudates, which showed those extrudates to be amorphous, since they contained 
no X-ray peaks characteristic of crystalline material [1]. Using polarized-light 
microscopy, Politz et al. [22] reported the absence of birefringence for the same 
wheat-flour extrudates, indicating absence of ordered structure. 
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Figures 3 and 4 are expanded views of the wheat-flour state diagram. In 
these figures, we superimposed the path of the extrusion process (open sym- 
bols), in terms of the various extrusion operating conditions described in 
Table 1. We also placed the Tg values of the extrudates at their measured mois- 
ture contents (the corresponding filled symbols) on the diagram. 

Comparison of Figs 3 and 4 shows that the two sets of samples, which dif- 
fered by the amount of added water, began the extrusion process from different 
regions of the state diagram. Note that with addition of water up to 16%, wheat 
flour is plasticized but still in the glassy state (Fig. 3), while at 20% extrusion 
moisture, the wheat flour goes through its glass transition and becomes rubbery 
at ambient temperature (Fig. 4). At the two extrusion moisture levels examined, 
different SME ranges were achieved, as listed in Table 1. This difference in 
SME led to different extents of fragmentation of the wheat flour, as reflected in 
variations in Tg of the extrudates [1]. It is apparent from Figs 3 and 4 that, in- 
dependent of the extrusion conditions, all of the extrudates were in the glassy 
state at room temperature and moisture contents of 7 to 9.5%. In addition, we 
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observed that the Tg values of these extrudates were lower than those of wheat 
flour with comparable moisture contents. However, the extent of the difference 
between the T~ values of the extrudate and wheat flour, which corresponds to 
the extent of fragmentation during extrusion, clearly depended on the SME gen- 
erated in the extruder. 

Predicting the influence of post-extrusion storage conditions 

For highly fragmented extrudates, which display low Tg values, elevated 
storage temperature may induce the rubbery state. Moreover, an increase in the 
relative humidity of the storage environment may increase the moisture content 
of such extrudates, thereby leading to even lower Tg values, and thus to the rub- 
bery state at even lower storage temperatures. If, as a result of increases in 
temperature and/or relative humidity of the storage environment, the extrudate 
reaches the rubbery state, the stresses maintaining the porous, expanded struc- 
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ture could relax and the extrudate could shrink, with a concomitant loss of 
crispy texture. To study the moisture-induced shrinkage of wheat-flour ex- 
trudates, we equilibrated two extrudate samples of cylindrical shape (with 
corresponding SME values of 356 and 518 kJ kg -~) over saturated salt solutions 
which produced 42 and 93% relative humidity environments at 25~ While we 
did not observe any decrease in length or diameter of either sample at 42 % RH, 
in the 93% RH environment, extrudates did not retain their original expanded 
structure. Shrinkage was characterized by reductions in both length and diame- 
ter, although the change in volume was dominated by the reduction in the 
diameter of the extrudates (unpublished results). Thus, we can use our thermal 
stability data, in conjunction with data on macrostructural changes, to evaluate 
and predict the effects of post-extrusion storage conditions (temperature and 
relative humidity) on the state of the extrudate. Based on this capability, optimal 
storage conditions can be devised. Alternatively, the formulation and processing 
conditions can be adjusted in a rational way to enhance the storage stability of 
the product. 

It should be emphasized that, in addition to the extrudate Ts values at various 
moisture contents, the moisture sorption characteristics of extrudates need to be 
determined. The wheat-flour state diagram, in conjunction with glass curves 
and water sorption isotherms of wheat-flour extrudates at various SME values, 
should allow one to predict and control the impact of processing conditions on 
extrudate properties. 

Comparison of molecular weight and Tg data to detect fragmentation 

Figure 5 shows how the Tg and weight-average molecular weight (Mw) values 
of wheat-flour extrudates (the latter determined by gel permeation chromatog- 
raphy (GPC) [22]) depend on SME. Because Tg of the extrudate is very 
sensitive to its moisture content, Tg measurements were performed on freeze- 
dried extrudates, to investigate the influence of Mw at constant moisture content 
for all extrudates. The SME can be considered a measure of the extent of stress 
applied to the wheat flour. There is a clear decrease in Tg with increases in the 
applied mechanical stress, as quantified by SME. It is apparent that the Mw of 
extrudates also decreases as SME increases. We previously demonstrated that 
the extent of fragmentation in corn flour extrudates can be monitored by reduc- 
tions in Tg of the extrudates [1]. The observation that processing-induced 
fragmentation is reflected in both the apparent molecular weight distribution 
and the temperature of the glass transition further emphasizes the utility of Tg 
as a means of assessing the extent of fragmentation in extruded cereal flours. 

Closer examination of Fig. 5 reveals an apparent discrepancy between Mw 
and Tg of extrudates as SME increases from 554 to 1016 kJ kg -~. Note that the 
molecular weight of the extrudates, as assessed by GPC, changes only slightly, 
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when the SME is increased from 554 to 1016 kJ kg -1 [22]. This trend suggests 
that an SME value of 1016 kJ kg -~ is close to the upper limit of the shearing 
force which induces fragmentation. It is expected that with increasing values of 
shear stress, the molecular weight of fragmented polymers should approach a 
lower limit [18]. In contrast to the negligible change in Mw observed over this 
range of SME, we observed a 20~ decrease in Tg. This result may imply that 
the limiting shear force had not been reached. 

The dependence of Tg on the mechanical stress applied during the extrusion 
process, at SME values where the apparent molecular weight is no longer de- 
creasing, may reflect differences in the sensitivity of the thermal and hydrody- 
namic observables to the processing-induced fragmentation of the extruded 
material. It has previously been emphasized by Coionna [23] that, although 
GPC gives quantitative results for the average molecular weight of polymers, 
the molecular weight distributions of very large or very small molecules are not 
determined accurately by this technique. The presence of very small molecules, 
as expected at a high SME value of 1016 kJ kg -1, may not be detected by GPC. 
Thus, the thermal observable, Tg, .may be sensitive to fragmentation which is 
not detected by conventional GPC methods. In fact, small fragments may act as 
plasticizers, thus making Tg a very sensitive indicator of their presence. An ad- 
ditional advantage of DSC-determined T 8 values over GPC is that DSC can be 
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performed on solid samples, while GPC requires that the material be dissolved 
in a solvent. Clearly, further investigation is necessary to assess the dependence 
of the extent of fragmentation on the mechanical energy applied at higher levels 
of shear force, and to assess its relation to the physical properties and sensory 
attributes of the extrudates. 

Molecular weight distribution affects the breadth of the glass transition 

Specific heat capacity curves for all wheat-flour extrudates revealed that the 
transition from the glassy to rubbery state occurs over a broad temperature 
range. In addition to the multicomponent, heterogeneous nature of pre-extruded 
wheat flour, the breadth of the transition may originate from the heterogeneity 
created during extrusion, due to polymer fragmentation. Slade and Levine [7] 
noted that multi-component, complex food products, in which moisture and 
water-compatible solids are heterogeneously distributed, can have multiple 
amorphous domains with different Tg values. For starch, Biliaderis [12] empha- 
sized the possibility of the presence of a range of nonordered domains, each 
manifesting its own Tg, and extending the glass transition of the multi-compo- 
nent material over a broad range of temperatures. In a recent review, Angell 
[24] discussed the possibility of multiple glassy states with different packings in 
glass-forming proteins and other biopolymers. In synthetic polymers, the exist- 
ence of microphases with various polymer chain lengths was reported by Gaur 
and Wunderlich [25]. Wunderlich [26] attributed the observation of asymmetric 
broadening of the glass transitions of copolymers and block copolymers to the 
existence of these microphases and their attachment to each other. It is reason- 
ably well established that T s is related to the molecular weight of a polymer, and 
that the glass transition region can be interpreted qualitatively as the onset of 
long-range, coordinated molecular motion [27]. Different molecular weight 
fragments present in an extrudate will go through their glass transition at differ- 
ent temperatures. In the case of a broad molecular weight distribution, the glass 
transition for fragments of increasing molecular weight will occur at succes- 
sively higher temperatures. It is possible that lower-weight fragments in the rub- 
bery state may act as plasticizers for higher molecular weight fragments, thus 
decreasing T s of the larger fragments. Consequently, the glass transition for 
wheat-flour extrudates may occur as a continuum over a broad temperature 
range. One should therefore recognize, when constructing and using state dia- 
grams, that the glass transition occurs over a range of temperatures, and that re- 
gions of the diagram near Tg-defined boundaries may actually represent states 
which are mixtures of glassy and rubbery material. 

SME, the major determinant of fragmentation 

We [1] and others [28-31] have reported that processing-induced fragmenta- 
tion of synthetic and biopolymers is related to mechanical forces. We have 
demonstrated for corn-flour extrudates that the extent of extrusion-induced 
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fragmentation is related to the SME generated in the extruder, and that such 
fragmentation can be monitored by observed reductions in Tg of extrudates. Su- 
perimposing the T 8 values of wheat-flour extrudates on the wheat-flour state 
diagram, as shown in Figs 3 and 4, demonstrates the impact of shear during ex- 
trusion processing. As noted above, different SME values are achieved, 
depending on initial moisture content, mass flow rate, and screw speed. Even 
for the lowest SME value of 236 kJ kg -I, fragmentation occurred in the ex- 
truder, with Tg values of wheat-flour and extrudate being around 98~ and 
90~ respectively, at about 9% moisture. It has been shown in a previous study 
on molten maize starch [32] that macromolecular degradation first appears 
when the mechanical energy reaches about 107J m -3, The lowest SME of 
236 kJ kg -1 reported in the present work corresponds to ~10 s J m -3, which is 
above the minimum mechanical energy required to induce fragmentation. Thus, 
even at the lowest SME value studied here, some fragmentation was expected. 
At higher SME values, the difference between the Tg values of wheat flour and 
extrudate Tg becomes larger. Therefore, construction of state diagrams for prod- 
ucts, as a function of a process parameter (SME) and moisture content, is 
necessary to predict the impact of physicochemical changes associated with 
processing conditions, as well as to predict the storage stability of extrudates. 

As discussed earlier, SME is a process parameter which combines the effects 
of mass flow rate and screw speed, in addition to material properties, such as 
viscosity. The viscosity of a flour-water mixture in the extruder is affected by 
applied shear, temperature, and moisture content. Thus, SME is an important 
factor to evaluate the collective influences of various operating conditions (e.g. 
temperature, screw speed, mass flow rate, moisture content, and additives) on 
the extent of fragmentation. Politz and coworkers [22] reported that low ex- 
trudate temperatures at die result in extensive fragmentation. Our results, 
however, revealed that for extrudates with the same extrusion moisture, a sam- 
ple with a temperature of 160~ at the die, but 236 kJ kg -1 SME, displayed a 
higher Tg and higher molecular weight (less fragmentation) than did a sample 
with a temperature of 185~ at the die, but 416 kJ kg -~ SME. This observation 
suggests that the collective effects of several operating conditions, conveniently 
parameterized by SME, are the major determinants of fragmentation. The influ- 
ence of extrusion operating variables on extent of fragmentation is indirect. 
Each operating variable affects SME [16], and their combined effect, in terms 
of SME, defines the extent of fragmentation. 

To evaluate further the impact of mechanical stress on extrudate physical 
properties, we examined the Tg of freeze-dried extrudates. Recall that Fig. 5 
plots T~ as a function of SME for freeze-dried wheat-flour extrudates produced 
at 16 and 20% initial extrusion moisture contents. Mw values of wheat-flour ex- 
trudates, determined by Politz and coworkers [22] using GPC, are also plotted 
as a function of SME on Fig. 5. The Tg and molecular weight values of freeze- 
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dried, unextruded wheat flour correspond to a zero SME value. Note that Tg of 
the wheat-flour extrudates decreases as SME increases. Specifically, we observed 
a 46~ reduction in Tg over a 780 kJ kg -l SME range (236-1016 kJ kg-l), or a 
ATJASME value of 0.059~ kg-l). In a previous study [I], we reported that 
Tg of corn-flour extrudates also decreased as SME increased; however, the 
quantitative impact, as assessed by ATg/ASME, differed significantly for the two 
types of corn flour studied. We suggested that this difference may be related to 
the amylose-amylopectin ratios of the two corn flours. 

Figure 6 shows the influence of SME on Tg, as a function of amylose-amy- 
lopectin ratio for wheat- and corn-flour extrudates. Note the increased sensitiv- 
ity of T B to SME with increasing amylose-amylopectin ratio. Because Tg is 
sensitive to molecular.__weight changes, this observation may indicate that stress- 
induced reduction in Mw values due to fragmentation is greater in high amylose 
flours than in high amylopectin flours. If in amylopectin, a branched biopo- 
lymer, fragmentation takes place primarilyat branch points, the resultant small 
chain length fragments may not decrease Mw of the polymer as drastically as 
would the relatively large fragments produced by breakage of linear amylose 
chains. Porter and Casale [18] reported that the extent of stress-induced reac- 
tion depends on the imposed strain, chain topology, crosslink density, and 
chemical composition, and also that the junctions of long branches of branched 
polymers are most susceptible to stress reactions. 

The impact of extrusion processing is more obvious for extrudates produced 
at 16% extrusion moisture, based on the deviation of their Tg values from the 
glass curve of the wheat flour-water system (Fig. 3). As noted previously and 
seen in Table 1, the SME achieved with a particular set of processing conditions 
depends on the initial moisture content of the wheat flour-water mixture. Inter- 
estingly, Ts values of extrudates with similar SME values (416 and 432 kJ kg-1), 
but different extrusion moistures (20 and 16%, respectively), are indistinguish- 
able. Mw for these two extrudates were reported to be virtually the same, 
3.34.106 for 432 kJ kg -x and 3.41.106 for 416 kJ kg -1 [22]. Thus, it is clear that, 
for a given flour, mechanical energy input is the main factor which determines 
the extent of fragmentation induced by extrusion. 

Concluding remarks 

We have demonstrated that a wheat-flour state diagram can be used to define 
the physical state of wheat flour prior to and during high-temperature extrusion 
processing. We determined the thermal properties of wheat flour over the tem- 
perature and moisture content ranges typically employed in extrusion 
processing, by using a pressure-variable DSC to detect and define temperatures 
corresponding to significant thermally induced transitions (glass, melting, and 
gelatinization) in wheat flour. From these data, we constructed a two-dimen- 
sional state diagram at constant pressure, which describes the physical states of 
wheat flour as a function of moisture content and temperature. 
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To assess the influence of shear on wheat flour during extrusion, we deter- 
mined the thermal properties of wheat-flour extrudates as a function of various 
levels of mechanical energy, characterized by SME. A glass transition, charac- 
teristic of an amorphous material, was the only thermal transition observed for 
wheat-flour extrudates. We found the Tg values of wheat-flour extrudates to de- 
crease with increasing SME generated in the extruder. We located these Tg 
values on the wheat-flour state diagram and compared the Tg values of unex- 
truded wheat flour and wheat-flour extrudates at identical moisture contents, to 
assess the extent of fragmentation as a function of SME, as monitored by de- 
creasing Tg. We note that, based on the wheat-flour state diagram and 
knowledge of the SME dependence of Tg, processing conditions can be adjusted 
to yield extrudates with desired Tg values. To make these correlations of practi- 
cal value, one must have criteria for selection of the target Tg which relates to 
end-product attributes of significance to the consumer. In an earlier study on 
corn-flour extrudates, we demonstrated [1] that an increase in Tg is related to an 
increase in the sensory textural attribute of crispness, which is one of the major 
criteria by which a consumer judges the quality of a breakfast cereal or puffed 
snack product. Thus, knowledge of Tg values corresponding to desirable levels 
of product crispness can be of value to a manufacturer. In short, determination 
of the thermal properties of products, specifically Tg, can be useful for quality 
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control in the manufacture of such products. This approach has the advantages 
of being less costly, more rapid, and more objective than sensory measure- 
ments. In addition, knowledge of product thermal properties, together with the 
state diagram of raw materials, can be used to adjust processing conditions 
and/or formulation of raw materials to achieve desired end-product attributes 
and improve quality. For example, sucrose, a common additive in breakfast ce- 
reals, is known to act as a plasticizer [3]. We have shown by mechanical and 
thermal measurements [16] that sucrose plasticizes corn extrudates. Conse- 
quently, Tg of extrudates should decrease with the addition of sugar, resulting in 
a loss of crispness. Thus, a state diagram can be utilized to adjust extrusion 
processing conditions (e.g. by decreasing SME) to compensate for the Tg-de- 
pressing influence of sucrose. In addition to improving the quality of an existing 
product, one can use state diagrams as part of a rapid evaluation procedure in 
the product development area to judge the feasibility of potential products. 

To define storage conditions (temperature, relative humidity) that enhance 
the stability and, therefbre, the shelf life of extruded products, one can use moisture 
sorption isotherms in conjunction with glass curves of extrudates [1]. In fact, a 
state diagram for pre- and post-extruded cereal flour can be used in conjunction 
with the corresponding moisture sorption isotherms to define and adjust proc- 
essing conditions, so as to produce extrudates with enhanced stability. 

In summary, state diagrams have great potential in food product develop- 
ment, because they can provide a rational basis tbr designing processing 
conditions and/or raw material formulations, so as to favor desired end-product 
attributes. 

This is publication D 10544-6-95 of the New Jersey Agricultural Experiment Station, sup- 
ported by State funds and the Center for Advanced Food Technology of the New Jersey Com- 
mision on Science and Technology. The authors would like to thank Dr. G. Erie Plum for his 
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