
Edible films can control mass transfer between food
and its storage environment or between various
food product components, thus extending shelf
life and improving overall quality. Further benefits

come from a potential reduction of polymeric packaging.
Edible films can be consumed with the food they are
protecting and reduce the need for multifunctional,
synthetic multilayer packaging films. Coextruded, coated,
or laminated packaging materials present a more difficult
recycling problem than single-component materials. Edible
films can be generally grouped into three categories:
polysaccharides, proteins, and lipids; but only the latter
group offers potential for high moisture barrier properties.

Properties of edible film materials have been reviewed
(Guilbert, 1986; Kester and Fennema, 1986; Krochta,
1992). A thorough review of lipid and resin coatings has
also been prepared (Hernandez, 1994). Fatty alcohols, fatty
acids, triacylglycerols, alkanes, various waxes and oils, and
chocolate have been studied as film-forming agents, alone
and in combination with hydrophilic material such as
cellulose ethers, chitosan, and whey proteins (Biquet and
Labuza, 1988; Hagenmeier and Shaw, 1992; Kester and
Fennema, 1989b; Koelsch and Labuza, 1992; Martin-
Polo et al., 1992a, b; McHugh and Krochta, 1994a;
McHugh and Krochta, 1994b; Nisperos-Carriedo et al.,
1990; Wong et al., 1992). Evidence from these and other
studies indicates that wax possesses the highest moisture
barrier properties, yet many waxes lack the structural
integrity to withstand even moderate handling. Brittle in
nature, wax films fracture easily, thereby compromising

their barrier properties. Many of the waxes previously
studied are either not approved for food use or are
restricted by legal limitations to their use. For example,
paraffin wax is not generally recognized as safe in food
products, and beeswax cannot be used in excess of
0.0065% for chewing gum, 0.005% for confections and
frostings, 0.04% for hard candy, 0.1% for soft candy, and
0.002% for all other food categories (CFR, 21.184).
Carnauba wax, however, has no legal limitations to its use
in food other than “good manufacturing practices” (CFR,
21.184). Though many different lipids have been studied,
anhydrous milkfat, or fractions thereof, have not been
extensively investigated. Milkfat is readily available and
can be used without restrictions.

Milkfat is primarily a mixture of triacylglycerides
(98% wt/wt), with fatty acids having different chain
lengths and degrees of saturation (Jenness and Patton,
1959). Over 60% (wt/wt) of the fatty acids are saturated,
and oleic acid makes up 70% of the remaining unsaturated
fatty acids. Consequently, milkfat has a very broad and
relatively low melting point of 34-40°C (Brunner, 1974).
At room temperature, it is a mixture of oil, semi-hard fat,
and hard fat.

Water vapor permeability in lipid systems is dependent
upon the ratio of the amount of crystalline phase to the
amount of liquid phase. Transport of moisture through a
crystalline phase is much slower than transport through a
liquid phase (Rogers, 1965). Highly crystalline, high-
melting lipids, such as beeswax or paraffin wax, present a
greater barrier to the transport of water vapor than does a
less crystalline system such as a 1:1 beeswax-cottonseed
oil mixture (Watters and Brekke, 1961) or mixtures of
paraffin wax and paraffin oil (Martin-Polo et al., 1992b). In
the case of anhydrous milkfat, its low and broad melting
range prevents it from competing effectively with high-
moisture-barrier lipids. However, increasing the melting
point of milkfat through a fractionation process, via
chemical modification, or by the addition of high-melting
lipids should significantly increase its water-vapor-barrier
properties in addition to its firmness.
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The melting point of milkfat can be increased by
hydrogenation, interesterification with other fats, or
fractionation. The main objections to hydrogenation or
interesterification are high cost, the loss of the pleasant
butter flavor, and the problem of not being able to label the
product as “milkfat”. Fractionation remains as the method
of choice for altering the melting point of milkfat.
Fractionation can be accomplished by stepwise cooling,
distillation, or solvent extraction (Boudreau and Arul,
1993). Solvent extraction is not suitable for foodstuffs due
to the use of organic solvents; therefore, either stepwise
cooling or distillation techniques are required. Stepwise
cooling is the preferred method for producing modified
milkfat on an industrial scale (Mortensen, 1983).

Fractionation by selective crystallization from melted
milkfat concentrates the higher-melting, long-chained
saturated triglycerides in the harder fraction while
concentrating the short-chained triglycerides in the softer
fractions. Furthermore, the harder fractions have
significantly higher solid-fat:liquid-fat ratios than the
original milkfat (deMan and Finoro, 1980). The crystal
melt fractionation process can be simulated by adding
long-chained saturated triglycerides to anhydrous milkfat.
Palmitic acid is present in the greatest amount of all the
fatty acids present in milk (23-48% wt/wt) (Banks, 1991;
Barron et al., 1990; Jensen et al., 1991; Kurtz, 1974) and is
therefore the logical choice for additions to milkfat for the
purpose of simulating milkfat fractionation. High-melting
lipids made by combining tripalmitin and anhydrous
milkfat have thermal and mechanical properties similar to
those of industrial milkfat fractions made by a stepwise
cooling process (Fairley et al., 1994).

Higher melting-point milkfat fractions and simulated
milkfat fractions with large concentrations of tripalmitin
tend to be firmer materials because of the increased
concentration of long-chained saturated triglycerides.
Quantification of this firmness can be approached in a
number of different manners. Empirical measurements are
commonly made using penetrometers or extruders, while
more fundamental rheological properties can be attained
through stress-relaxation, creep, or dynamic testing. Cone
penetration is a standard method (AOCS, 1960) for
determining consistency of fats and has been used with
butter (Shama and Sherman, 1970) and other plastic fats
(Davey, 1989; Hayakawa and DeMan, 1982; Tanaka et al.,
1971). Tests which yield more fundamental rheological
information, such as creep testing, have also been used
with plastic fats (deMan et al., 1985). These latter tests
provide information about how a material responds to a
constant stress or strain input. Knowledge of the
rheological properties of lipid film-forming materials
provides insight to performance, particularly when used in
films and coatings which receive mechanical abuse in
handling. Lipid films which are more resistant to this abuse
will be able to maintain their moisture barrier role longer.

The objective of this investigation was to determine the
applicability of simulated and industrial milkfat fractions
as edible coatings or film-forming materials. To this end,
the water vapor barrier and rheological properties of these
fractions were evaluated.

MATERIALS AND METHODS
MATERIALS

Lipid blends used to make films were comprised of
anhydrous milkfat (Mid-America Dairyman, Inc.,
Springfield, Mo.) and tripalmitin (Fluka Chemika, Buch,
Switzerland). Material specifications indicated the
tripalmitin to be 95% pure, while gas chromatographic
analysis revealed a 94% purity with the principal impurity
being trilaurin. Tripalmitin and milkfat were blended
together in 10% incremental ratios, such that the blends
ranged from 0:100, 10:90, 20:80, etc., to 100:0
tripalmitin:milkfat. Industrial milkfat fractions were
obtained through the Center for Dairy Research (CDR),
University of Wisconsin, Madison labeled “H” and “VH”;
and from a New Zealand source, labeled “BS” and “CB”.
These fractions were classified into two groups according
to their melting point: fractions H and BS had a high
melting point in the range of 35 to 45°C, while fractions
VH and CB had a very high melting point exceeding 45°C.
A hydrophilic support film used to aid in casting of films
contained 60% methylcellulose (Methocel ALV 15, Dow
Chemical Co., Midland, Mich.) and 40% D-sorbitol
(Fischer Scientific, Pittsburgh, Pa.) on a dry basis.
Carnauba wax (Aldrich Chemical Company, Milwaukee,
Wis.) was used as a comparison against a high-melting wax
(m.p. = 82-85°C). Comparisons against commercial
polymeric films were made using polyvinylidene chloride
(PVDC) (Saran Wrap, Dow Chemical Co., Indianapolis,
Ind.), low-density polyethylene (LDPE) (Handi-Wrap II,
Dow Chemical Co., Indianapolis, Ind.), and polyvinyl
chloride (PVC) (Reynolds plastic wrap, Reynolds Metals
Company, Richmon, Va.).

LAMINATED FILM CONSTRUCTION

An aqueous methylcellulose:sorbitol solution was cast
on a 12.5 × 12.5 cm glass slide resting on a leveled granite
surface and allowed to dry under ambient conditions
overnight. Once dry, the support film was coated with lipid.
To create the lipid layer, approximately 1.5 g of molten
lipid solution, which had been held at 100°C for at least
30 min, was applied to the leading edge of the
methylcellulose coated plate. A heated metal rod was
drawn across the slide at a fixed height to form an even
layer of molten lipid. The bilayered film was carefully
peeled from the glass slide before the lipid had completely
crystallized. In this manner, the lipid was still somewhat
flexible, thereby preventing the methylcellulose-lipid
bilayer from cracking upon removal from the glass slide.
The methylcellulose:sorbitol support film was left in place
for water vapor permeability testing.

FILM THICKNESS MEASUREMENT

Film thickness was measured using a caliper micrometer
(No. 7326, Mitutoyo Mfg. Co. Ltd., Japan) and determined
by taking measurements at six locations on the film and
averaging the result. The casting procedure for the
methylcellulose (MC) films produced films which varied
by no more than ± 0.005 mm. Because of the uniform
thickness of the MC films, the lipid thickness was
determined by difference. This process involved measuring
the thickness of the entire lipid:methylcellulose bilayer
film as well as exposed portions of the uncoated MC
support film which were protruding from the edges of the
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bilayer film. For each of the bilayer films, the
measurements of the uncoated methylcellulose portion of
the support film were averaged and this value was
subtracted from the average bilayer film thickness. Lipid
blends with low percentages of tripalmitin were too soft to
measure at room temperature; these films were measured in
a 4°C room. The increased crystallinity due to the cold
temperature facilitated thickness measurements.

In the case of the pure anhydrous milkfat film, the lipid
was not firm enough to measure the film thickness with a
caliper micrometer. Instead, thickness was calculated
indirectly from the milkfat density and deposited volume.
The surface area of the methylcellulose film and the weight
of the milkfat deposited on that film were accurately
measured. The average thickness of the milkfat on the
methylcellulose film was calculated by dividing the weight
of deposited milkfat by the product of its density and the
film’s surface area. The density of the anhydrous milkfat,
0.9215 g/mL at 25°C, was determined by weighing
volumetric amounts of the material at the testing
temperature.

WATER VAPOR PERMEABILITY MEASUREMENTS

The standard gravimetric method for measuring water
vapor permeability (WVP) of flexible films, ASTM E96-
92, was employed for all lipid and commercial polymer
films (ASTM, 1992). The films were secured to a
polymethylmethacrylate (Plexiglas) cup which had been
filled to a known level with deionized water. The cups were
placed in a pre-equilibrated desiccator cabinet fitted with a
variable speed fan. The environment within the cabinet was
held constant at 0% relative humidity using anhydrous
calcium sulphate (W.A. Hammond Drierite Co., Xenia,
Ohio). The temperature during the permeability tests was
recorded hourly and averaged. It varied from test to test
over a range of 24.3°C to 27.5°C, but was held constant to
within ± 1.5°C during each test. The weight loss of the
cups was measured to the nearest 0.0001 g once they began
losing moisture at a steady state. Following this point, at
least five successive steady state measurements were
acquired. In all cases, a linear regression of the steady state
data yielded r2 values in excess of 0.98. The time to
achieve these measurements depended upon the water
vapor barrier property of the film in question, with the total
testing time ranging from 43 h for low-barrier materials to
254 h for the high-barrier films.

When very high-barrier films are tested, moisture
transport through the testing cup and the seals must be
considered. These losses were measured by performing the
WVP analysis with stainless steel sheeting (0.086 mm) on
six Plexiglas test cups. The average water vapor loss
through the cup walls and seals was 0.07501 g/h. To obtain
an accurate measure of the water vapor permeability of just
the film in question, the WVTR of the Plexiglas cup was
subtracted from the measured WVTR of the film. The
permeability was calculated as follows:

Film WVP (g·mm/kPa·h·m2) =

(WVTRadjusted) × (Δx)/(ΔPH2O) (1)

where
WVTRadjusted =
WVTRmeasured – WVTRcup & seals [=] (g/h·m2)
Δx = thickness of film (mm)
ΔPH2O = partial pressure difference across film (kPa)

SUPPORT FILM RATIONALE

To overcome the structural problems of testing weak
lipid films, all materials were tested with the
methylcellulose:sorbitol film in place. During WVP testing,
the bilayer film was oriented with the methylcellulose
support film in contact with humid environment inside the
test cup. This technique was used previously, but with
synthetic films such as cellulose acetate, low density
polyethylene-vinyl acetate copolymer, and low density
polyethylene (Hagenmeier and Shaw, 1991). The present
study relied on a support film with a dry basis composition
of 60% methylcellulose and 40% sorbitol. If one considers
the resistance to mass transfer of the bilayer film versus
that of the individual layers, it becomes apparent that the
support film contributes negligibly to the barrier properties
of the two-layer structure if its permeability is much higher,
or if it is much thinner, than that of the lipid film. Making
use of an electrical analogy, the resistance to moisture
transfer of the lipid-coated film is the sum of the
resistances of the individual layers (Barrer, 1968).

(l1/P1) + (12/P2) = (lT/PT) (2)

where l is thickness and P is permeability. In the case
where one layer’s permeability (P1) is much larger than the
other’s (P2), the first layer can be considered negligible if
the following condition holds:

(P1/l1) × (lT/PT) >>100 (3)

When equation 3 holds true, the effective permeability of
the two-layer film is approximately the permeability of the
component with the larger resistance to mass transfer.
Since the support film was hydrophilic and considerably
thinner than any of the lipid films, we hypothesized that it
would offer very little resistance to moisture transport. The
measured WVP for the entire laminate would be considered
equivalent to the WVP of the lipid layer.

To confirm this hypothesis, the water vapor permeability
of methylcellulose:sorbitol film was determined under high
moisture conditions which would be similar to that to
which it would be exposed when tested as part of the
laminate. Water was used inside the testing cups to achieve
a 100% relative humidity on one side of the film, while a
saturated sodium chloride solution was used to control the
relative humidity on the other side of the film (inside the
testing cabinet) at approximately 75.3%. The permeance of
the methylcellulose:sorbitol film (permeability divided by
film thickness) was compared with that of the most
permeable lipid film to establish the validity of equation 3.

A relative humidity of 75% in the testing cabinet was
chosen to provide a conservative estimate of the support
film moisture permeability under high RH conditions. We
could not be sure of the true RH at the interface between
the support film and the lipid film, but we assumed it was
high (> 95%RH). However, controlling the RH at such a
high level was very difficult in our testing cabinets due to
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“sweating” on the cabinet’s inner walls and fan blades. We
chose 75% RH because it was a manageable environment
for our cabinets, realizing it would provide a lower
permeability than if we were testing at high RH. If the
conditions of equation 3 were met using the 75% RH, we
could be confident it would be satisfied at a higher RH.

CONE PENETRATION OF LIPID MATERIALS

Empirical measurements of fat “hardness” have been
standardized in a number of cases (AOCS, 1960; ASTM,
1986, 1987, 1988, 1991). In the absence of the specific
cone penetrometer, a TA-XT2 Texture Analyzer (Texture
Technologies Corp., Scarsdale, N.Y.) was employed to
measure resistive force to a 3 mm penetration by a 60°
cone. Lipid materials were prepared by heating the lipid
materials in a boiling water bath for at least 15 min.
following melting. The molten lipid was poured into 5.0 ×
1.0 cm cylindrical containers and allowed to temper at
room temperature for 24 h. Once the lipid had crystallized
during the cooling process, the exposed lipid surface was
shaved level with the edge of the cup such that a smooth,
uniform surface was produced. An hour prior to testing, the
cups containing the lipids were placed in a water bath held
constant at 25°C.

Testing consisted of first removing the cup from the
water bath and gently brushing the surface dry with tissue
paper. A 60° cone, lubricated with a light coating of silicon
oil, penetrated the lipid sample at a rate of 0.2 mm/s to a
distance of 3 mm. Force readings were sampled at a rate of
400 points per second, and the maximum force at 3 mm
penetration was recorded. The sample was placed back in
the water bath prior to repetitive testing.

STRESS-RELAXATION ANALYSIS OF BULK LIPID MATERIALS

Fundamental rheological properties relating stress
response to strain input were determined by performing
stress-relaxation studies on the bulk lipid materials. Molten
lipid samples, which had been heated in a hot water bath as
described in the cone penetration methodology, were cast
into 10.0 × 10.2 mm cylinders using a copper mold. Once
solidified, the lipid cylinders were removed from the
copper casting molds after a brief application of heat to the
mold sides. The lipid cylinders were tempered at room
temperature for approximately 24 h. Thirty minutes prior to
testing, the cylinders were placed in a water bath held
constant at 25°C.

Stress-relaxation tests were performed by uniaxially
compressing a lipid cylinder between two parallel plates to
a strain of 2%. The surfaces of the plates were lubricated
with silicon oil to prevent friction between the lipid sample
and the plate faces. Following the compression, the strain
was held constant and the resistive stress was observed to
decay over time. A TA-XT2 Texture Analyzer (Texture
Technologies Corp., Scarsdale, N.Y.) was employed to
strain the samples and measure the stress decay. The lipid
cylinders were strained to 2% at a rate of 1.0 mm/s, and
the stress decay was measured for 150 s at a rate of 200
points per second. Data reduction, manipulation, and
relaxation modulus parameter estimation were performed
as described by Shellhammer et al. (1996).

STATISTICAL TREATMENT OF DATA

Four to eight replicates of each lipid material or blend
were tested during the water vapor permeability study. The
range of replicates varied because of occasional film failure
due to cracking during testing. For the cone-penetration
and the stress-relaxation studies, five replicates of each
lipid material or blend were measured in a completely
randomized fashion. The effect of lipid type on the
resultant film WVP was determined by performing a single
factor analysis of variance using Statistical Analysis
Software (SAS, 1989). Similarly, a single factor ANOVA
was used to determine significant differences in resistance
to cone-penetration or stress-relaxation.

RESULTS AND DISCUSSION
CONTRIBUTION FROM THE METHYLCELLULOSE SUPPORT

FILM TO WVP MEASUREMENTS

Methylcellulose-sorbitol film thicknesses ranged from
0.028 to 0.036 mm (1.1-1.4 mil), while lipid films were
0.09 to 0.17 mm (3.5-6.7 mil) thick. Using these thickness
ranges and permeability data listed in table 1, validity of
equation 3 was tested. The case in which the support film
might have had the greatest influence in WVP
measurements occurred with the anhydrous milkfat film
because of its high moisture permeability. Using
appropriate film thickness and permeabilities for this case,
equation 3 was valid. The permeance of the
methylcellulose film was over 200 times that of the entire
laminate, hence it contributed negligibly to the laminates’
WVP. With equation 3 valid, we assumed that the
measured WVP for the entire laminate would be considered
equivalent to the WVP of the individual lipid layer.

WVTR ANALYSES OF THE TRIPALMITIN:ANHYDROUS

MILKFAT BLENDS

WVP measurements, using the ASTM E96-92 cup
method, requires knowledge of the steady state water vapor
transmission rate (WVTR). The time to reach steady state
varied for many of the blends. The 100% tripalmitin films
required approximately 15 h to reach steady state, while the
blends from 90:10 through 20:80 tripalmitin:anhydrous
milkfat reached steady state within a range of 3 to 1 h. The
10:90 blend and the pure anhydrous milkfat films reached
steady state in less than 1 h.
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Table 1. Water vapor permeability (WVP) of selected film materials

Relative
WVP Temp Humidity

Material (g·mm/kPa·h·m2) (°C)
Difference

PVDC 0.0008 (0.00003) 27.6 0 - 100%
LDPE 0.0013 (0.00003) 27.6 0 - 100%
Carnauba wax 0.0041 (0.0017) 27.5 0 - 100%
Tripalmitin 0.0081 (0.0021) 27.5 0 - 100%
Polyester (McHugh et al., 1993) 0.0091 25.0 0 - 100%
PVC 0.0257 (0.00097) 27.6 0 - 100%
AMF fraction “VH” 0.0369 (0.004) 24.9 0 - 99%
AMF fraction “CB” 0.0487 (0.020) 27.9 0 - 99%
AMF fraction “H” 0.2265 (0.041) 24.9 0 - 98%
AMF fraction “BS” 0.2277 (0.019) 27.9 0 - 98%
Cellophane (Taylor, 1986) 0.3029 38.0 0 - 90%
Anhydrous milkfat 0.5993 (0.057) 27.5 0 - 95%
Methylcellulose:Sorbitol (1.5:1) 20.557 (7.775) 24.3 75 - 79%

Values in parentheses are standard deviations.



An interesting phenomenon was observed with the
blends containing high levels of tripalmitin. The water
vapor transmission established an initial steady state value
which lasted from 68 to 111 h, depending upon the lipid
blend. Immediately following this period, a substantial
increase in water vapor transmission was measured. These
differences are displayed graphically in figure 1. The times
for the initial WVTR to change to the higher WVTR, as
well as the magnitudes of change, are listed in table 2.
Decreasing concentrations of tripalmitin in the blends led
to a shorter initial steady state value and a reduction in the
amount of change. Lipid blends with 70% tripalmitin or
less did not display this phenomenon. Inspection of the
temperature history during the duration of the tests
indicated no significant changes in temperature. We
hypothesized that the change in the films’ WVTR prior to
reaching a final steady state value may be attributed to the
change in polymorphic form of the lipid crystals which
occurred over the time of the measurement. Upon cooling,
triacylglycerols can crystallize into one of three principle
polymorphic forms: α, β′, or β. The particular polymorph
the lipid will form depends on the cooling rate and melting
history. Furthermore, the crystals can undergo a solid state
transformation from either the α or β′ to the β form over
time. With the exception of the pure anhydrous milkfat
film, all films prepared using the procedure discussed
earlier cooled and crystallized rapidly after casting. When
cooled rapidly, triglycerides generally form α polymorphic
crystals (Larsson and Dejmek, 1990). Fairley et al. (1994)

investigated the thermal behavior of tripamiltin:milkfat
blends and discovered that lipid films made entirely of
tripalmitin initially crystallized into an α polymorphic form
and underwent a solid-state transformation from the α to
the β polymorphic form over a seven day period. The β
polymorph has increased molecular density and reduced
chain mobility (Nawar, 1985), thus it could present a more
effective barrier to moisture transport than the α
polymorph. The very opposite was observed with WVTR
of the tripalmitin film in this study. However, this result
supports the work performed by Kester and Fennema
(1989a), who investigated the effects of polymorphism on
the WVP of fully hydrogenated soybean and rapeseed oil.
Although they hypothesized that the α form would be more
permeable than the β form, their results indicated the
contrary as well.

WATER VAPOR PERMEABILITY OF INDUSTRIAL MILKFAT

FRACTIONS AND THE TRIPALMITIN:MILKFAT BLENDS

The performance of the industrial milkfat fractions can be
compared by examining table 1 and figure 2. The “harder”,
higher-melting industrial milkfat fractions from both
industrial sources (VH and CB) provided better barriers to
moisture transport than their lower-melting counterparts. An
analysis of variance performed on the WVP data for these
materials indicated that VH and CB fractions had
significantly lower (p < 0.001) permeabilities than H and BS
fractions. Furthermore, no significant differences (p > 0.05)
were found between VH and CB fractions, nor between H
and BS fractions (table 3). When compared to synthetic
polymer films, tripalmitin was considerably more permeable
than both PVDC and LDPE and slightly more permeable
than Carnauba wax. However, it was more effective at
preventing moisture transport than plasticized polyvinyl
chloride (PVC). The WVP of the high-melting VH fraction
was slightly greater than that for PVC.

Figure 2 displays the non-linear dependence of water
vapor permeability on the composition of tripalmitin:
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Figure 1–Water vapor transmittance through anhydrous
tripalmitin:milkfat blends. Error bars indicate standard deviations.

Table 2. Water vapor transmission rates (WVTR) of selected lipid blends

Time to
WVTR 1 WVTR 2 Change WVTR 2

Material (g/h·m2) (g/h·m2) (%) (h)

100% Tripalmitin 0.1540 (0.0281) 0.2309 (0.0293) 49.9 111
90% Tripalmitin:10% AMF 0.2140 (0.0512) 0.2956 (0.0770) 38.1 86
80% Tripalmitin:20% AMF 0.2651 (0.0264) 0.2952 (0.0243) 11.4 68

Values in parentheses are standard deviations.

Figure 2–Effect of tripalmitin content on the water vapor
permeability of tripalmitin:anhydrous milkfat blends. The materials
labeled BS, CB, H, and VH are anhydrous milkfat fractions with
differing melting points (n = 4 – 8). Error bars indicate standard
deviations.



anhydrous milkfat films. Testing occurred at 27.5°C, thus
the anhydrous milkfat film was largely liquid. Addition of
tripalmitin to anhydrous milkfat, at concentrations as low
at 10% wt/wt, dramatically reduced moisture permeability.
The tripalmitin:milkfat blends also provided a reasonable
simulation of the industrial milkfat fractions. This result
parallels that found during calorimetric and penetrometer
tests of the same blends (Fairley et al., 1994). The standard
deviation of the WVP measurements for each blend
increased with increasing amounts of milkfat (fig. 2). The
weakness of films high in milkfat may have led to
structural differences which could have affected their WVP.

RHEOLOGICAL BEHAVIOR OF INDUSTRIAL MILKFAT

FRACTIONS AND TRIPALMITIN:MILKFAT BLENDS

Knowledge of rheological properties of lipid film-forming
materials is necessary to determining how functional a film or
coating will be when used in practice. Barrier properties of
brittle, inflexible films can be rendered useless if the film
cracks or chips. Penetrometer and stress-relaxation
measurements of bulk lipid materials provide insight to their
usefulness as film-forming materials. Figure 3 demonstrates
the relationship between tripalmitin content in lipid blends
and hardness as measured using a cone penetrometer. Blend
hardness increased exponentially with increasing tripalmitin
concentration. Cracking of blends which were high in

tripalmitin led to an increase in sample error for these blends.
The industrial milkfat fractions displayed a response to the
penetrometer test which did not coincide with the WVP
measurements. As displayed in table 3, the order of
increasing hardness did not correspond with the order of
decreasing WVP, and all fractions were significantly different
from each other in hardness (p > 0.001).

The stress-relaxation studies aim toward identifying the
coefficients of a stress-dependent relaxation modulus,
thereby identifying a material’s viscoelastic properties. A
viscoelastic material displays both elastic and viscous
behaviors superimposed on each other. Most biological
materials behave viscoelastically. The relaxation modulus
describes the stress response of a solid or semi-solid
material to a static or dynamic strain input. The following
relaxation modulus has been previously identified for lipid
film-forming materials (Shellhammer et al., 1996):

where E is the elastic spring constant [kPa] and τ is the
relaxation time = η/E [s].

This relaxation modulus can be physically represented
by a set of two Maxwell bodies and one spring element
arranged in parallel. The Maxwell body is a spring and
dashpot arranged in series. The arrangement of Maxwell
bodies in parallel is often called a generalized Maxwell
model (Rao, 1992). Mean E0, E1, E2, τ1, and τ2 values for
milkfat fractions are presented in table 3. The stress-
relaxation history using parameter estimates from table 3 is
displayed graphically in figure 4. The VH and H fractions
were much harder than either the CB or BS fractions. This
difference in hardness can be observed in the values of E0,
which represent the spring constant for the residual stress
in the material after relaxation is complete. No significant
difference (p > 0.05) was found between the VH and H
fractions, yet significant differences (p < 0.05) did exist
among the group of these two fractions and both the CB
and BS fractions.

Due to large differences in lipid hardness, observing the
rate of stress decay was more easily accomplished by
normalizing the stress relaxation data. Dividing the
individual stress points by the peak stress value
transformed the measured stress values such that they went
from a low of zero to a maximum of one. This
normalization allows one to visualize small differences in
the viscous behavior of lipids which are normally
overshadowed by large difference in hardness. Normalized

Φ t  = E0 + E1e
– t

τ1  + E2e
– t

τ2 (4)
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Table 3. Measured physical properties of industrial milkfat fractions

Milkfat Fraction Type

Physical Property VH H CB BS

WVP (g·mm/kPa·h·m2) 0.0369a (0.004) 0.226b (0.041) 0.0487a (0.020) 0.228b (0.019)
Penetrometer force at 3 mm (N) 6.91a (0.081) 4.50b (0.150) 3.65c (0.353) 0.594d (0.048)
Stress relaxation, E0 (kPa) 13520a (1192) 13410a (2490) 3270b (381) 194c (31)
Stress relaxation, E1 (kPa) 3722b (480) 325b (350) 7669a (2884) 499c (211)
Stress relaxation, E2 (kPa) 4831a (617) 4752a (2466) 234b (174) 241c (47)
Stress relaxation, τ1 (s) 0.489a (0.191) 0.329a (0.069) 0.0816b (0.031) 0.117b (0.124)
Stress relaxation, τ2 (s) 40.7a (14.2) 37.9a b (24.4) 14.0b (1.4) 20.2a b (2.6)

Means with the same superscript are not significantly (p > 0.05) different. Values in parentheses are standard deviations.

Figure 3–Cone penetrometer data for the tripalmitin:AMF blends
and industrial milkfat fractions (n = 5). Error bars indicate standard
deviations.



stress-relaxation data are presented in figure 5. Note that all
four normalized stress history curves begin with a peak
value of one at the beginning of the relaxation. Although all
four fractions display viscoelastic behavior, the magnitude of
stress decay in both the CB and BS fractions in comparison
to the VH and H fractions indicated that the former were
much more viscid and less elastic than the later.

The stress induced by the 2% strain in the material BS
decayed very rapidly indicating that it had a large fluid-like
character. This result was supported by penetrometer data
which indicated that the BS fraction was the softest of the
four industrial milkfat fractions. Although both the H and
VH fractions had much less stress decay than either of BS
or CB fractions, they possessed enough viscous behavior to
be mechanically acceptable for use as edible films. When

used as coatings, they will yield to mechanical handling
rather than cracking.

The VH fraction had the best water vapor barrier
properties and was the hardest of all four fractions. From
the standpoint of water vapor permeability alone, the VH
fraction was superior to the other three; yet from the
standpoint of functionality the CB fraction may be the most
useful. The CB fraction had moisture barrier properties
very close to that of the 60% tripalmitin:40% anhydrous
milkfat blend. However, the phase behavior (Fairley et al.,
1994) of this fraction was between those of the 20:80 and
10:90 tripalmitin:milkfat blends and the rheological
properties were between those of the 60:40 and 50:50
blend (fig. 6). This result is very encouraging, because this
fraction behaves mechanically like a blend which is low in
tripalmitin, yet has the barrier property of a blend which is
highly tripalmitin-enriched. Because most high-melting-
point lipid films are very brittle, they can be difficult to use
as edible films. Their barrier properties are easily
compromised upon mechanical damage. Having
mechanical properties closer to that of anhydrous milkfat,
the CB fraction may prove useful as a high moisture-
barrier edible film.

CONCLUSIONS
The rate of water vapor transmission through lipid films

made of tripalmitin:anhydrous milkfat blends came to
steady state within 15 h of testing. Films with tripalmitin
concentrations in excess of 70% displayed an initial
pseudo-steady state rate followed by an increase in
transmission rate to a second steady-state value. This
increase in WVTR after a substantial lag period indicates
structural changes in the film which occurred during the
WVP testing. Blends of tripalmitin and anhydrous milkfat
can reasonably simulate the WVP of industrial milkfat
fractions. Additions of tripalmitin to anhydrous milkfat
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Figure 4–Average stress-relaxation response following a 2%
compressive strain for industrial milkfat fractions (n = 4).

Figure 5–Average stress-relaxation response, normalized by peak
stress, following a 2% compressive strain for industrial milkfat
fractions (n = 4).

Figure 6–Average stress-relaxation response following a 2%
compressive strain for blends of tripalmitin and anhydrous milkfat
(AMF) (n = 4). Ratios on graph represent the percentage
tripalmitin:percentage AMF in the blends. Dashed lines represent the
stress-relaxation response of the industrial milkfat fractions.



caused a logarithmic decrease in film WVP and an
exponential increase in bulk lipid hardness as measured by
the resistive force to a cone penetrometer. All industrial
milkfat fractions varied significantly (p < 0.05) in the
moisture barrier properties, with the VH fraction having the
lowest WVP. Due to its low WVP combined with
rheological properties which were much more viscid than
the VH fraction, the CB fraction is likely to perform the
best as a stand-alone film. 
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