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ABSTRACT

Ice cream has come a long way since the first snow
cone was made. Innovations in a variety of areas over
the past century have led to the development of highly
sophisticated, automated manufacturing plants that
churn out pint after pint of ice cream. Significant ad-
vances in fields such as mechanical refrigeration, chill-
ing and freezing technologies, cleaning and sanitation,
packaging, and ingredient functionality have shaped the
industry. Advances in our understanding of the science
of ice cream, particularly related to understanding the
complex structures that need to be controlled to create
a desirable product, have also enhanced product qual-
ity and shelf stability. Although significant advances
have been made, there remain numerous opportunities
for further advancement both scientifically and techno-
logically.
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INTRODUCTION

Frozen desserts developed over history in much the
same way as most foods: our ancestors kept trying dif-
ferent things until they found something that worked.
Although numerous origin stories exist, the first frozen
desserts likely were made by flavoring snow or ice. This
may have been intentional but may also have simply
occurred by chance. It is not our intention to delve into
truth or myth because the history of frozen desserts
has been documented in numerous publications (e.g.,
Quinzio, 2009).

An enormous industry has grown up around stan-
dardized commercial products. Many of the advances
in the ice cream industry have been driven by techno-
logical inventions. For example, improved methods of
refrigeration, from ice harvesting to mechanical refrig-
eration, have significantly influenced the development
of ice cream over the past century. Although chefs and
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entrepreneurs continually explore new frozen dessert
ideas, as with many other foods, the development of
high-quality products proceeded without much, if any,
scientific understanding. In the past century, scientists
have attempted to bring a better scientific understand-
ing to such foods. We continue to conduct experiments
on ice cream to better understand the scientific basis
for this long-cherished treat in hopes of providing new
and unique ways to deliver consumer satisfaction. In
this review, we highlight advances and developments
in ice cream and frozen desserts over the past century,
with a focus on how the Journal of Dairy Science has
played a role in that development. As the premier dairy
journal, many of the important advances in the devel-
opment of ice cream have unfolded in its pages over the
past century (see Appendix Table A1).

MIX INGREDIENTS

Some hundred years ago, little consideration was
given to the individual or collective contributions of
the components of ice cream mix as they related to the
actual structure—function relationships of finished ice
cream products. Historically, milk, cream, and sugar
were the fundamental ingredients of ice cream in its
most rudimentary form. Flavored, frozen, and whipped
into a popular dessert, there was little need to improve
this successful formulation. However, as market pres-
sures and economic opportunities arose, ice cream
needed to change in many ways, including exhibiting
stability over long-term frozen storage and responding
to a more diverse population interested in issues such as
changes in nutrient content. The gap between the read-
ily manufactured, well-recognized version of ice cream
as a conventional dessert and the need for ice cream to
change to meet market demands spawned the ensuing
century of research focused on bridging the significant
knowledge gap of the scientific underpinnings of ice
cream—arguably one of the most complex foods manu-
factured. Such complexity is manifest in several ways
that to this day defy complete characterization. For
instance, consider that ice creams contain or display
multiple physical states and forms (including liquid,
solid, and gas phases) and significant foam structure,
solvent—solution interactions, and varying permuta-
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tions on emulsion structure. Collectively, these forms
exhibit a diverse collection of physical and sensory at-
tributes over a large temperature range. For example,
ice cream mix must be sufficiently liquid at pasteuriza-
tion treatment to flow through various heat exchangers
at over 80°C, then be sufficiently malleable as a frozen
foam to allow scooping or serving to occur at approxi-
mately —15°C, then remain rigid and stable to meet
a long-term storage convention of 1 yr under freezing
temperatures of —30°C. Add to this list a host of other
critical factors that must be achieved, such as the bear-
ing of an ever-increasing collection of inclusions and
variegates and the ability to appropriately melt upon
consumption and to provide a “comfort food” level of
satiety and enjoyment to the imbiber. These and other
attributes are achieved through specific processing and
freezing parameters and by the deliberate addition or
manipulation of various ingredients that are critical
to the character of ice cream based on our knowledge
of structure—function relationships involving dairy
ingredients, sweeteners, stabilizers, emulsifiers, and a
growing collection of other critical ingredients designed
to meet the shifting demands on ice cream or related
frozen dessert products. From quintessential backyard
summer dessert to engaging the greatest minds in dairy
foods science, the list of functional roles of ice cream in-
gredients can be described as either short and simple or
long and complicated depending on the application and
audience. Discoveries of the finer chemical and physical
roles of ice cream ingredients have been the subject of
routine research activities over the past century and are
presented in this article.

Dairy-Based Ingredients

Given all of the potential states that dairy ingredients
and components can take and the flexibility provided
through mix standardizing technologies and composi-
tional requirements, few dairy-based ingredients have
not found their way into ice creams for a variety of
functional, nutritional, and economic purposes. The
dairy ingredient components—namely CN and whey
proteins, milk fat, lactose, and mineral salts—each play
roles of varying degrees of importance.

Because of the complex and heterogeneous nature
of CN proteins and the native state of those proteins
present in micellar form, the CN proteins and their
derivatives have played numerous roles in frozen dessert
characteristics (Goff et al., 1989; Chang et al., 1995;
Alvarez et al., 2005). Whey and its derivatives have
also been the source of investigations aimed at exploit-
ing the unique properties of whey components and the
known chemical or physical phenomena present in fro-
zen desserts (Prindiville et al., 2000; Levin et al., 2016).
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An increased understanding of the role of milk proteins
should parallel the degree to which high protein intake
remains an important consumer interest (see Patel et
al., 2006).

Milk fat plays many significant roles, including nu-
tritional roles (e.g., caloric density, lipid-soluble vita-
mins), in the characteristics of frozen desserts. Milk
fat is a solvent for flavors such as vanilla (Li et al.,
1997) and affects the sensory and rheological proper-
ties of ice cream based on the physical forms that the
milk fat assumes during the manufacturing processes
(Kalab, 1985; Goff, 1997). The effects of freezing (Doan
and Baldwin, 1936) and shear forces destabilize the
relatively distinct dispersion of milk fat globules coated
with an interfacial complex (referred to as the milk fat
globule membrane) and result in the formation of ag-
gregated, structure-imparting milk fat globule clusters
typically referred to as full or partial coalescence (Goff,
1997) and flocculation, depending on the aggregate
mechanism (Méndez-Velasco and Goff, 2012). The final
connections between these mechanisms, their resulting
milk fat-based structures, and the final rheological and
sensory properties of the final product (Warren and
Hartel, 2014) remain topics of interest, especially in
frozen desserts that have novel compositions. There is
continual interest in pursuing an improved understand-
ing of the roles that milk fat plays in ice cream as a
function of temperature, shear force, and the unique
chemistries of novel frozen dessert mixes (e.g., the pres-
ence of surfactant molecules).

The presence of lactose in ice creams has been the
source of various research activities. In general, the level
of lactose in ice cream can be quite high, nearing 8%,
resulting in concerns for those who experience lactose
malabsorption issues. High lactose content is, in part, a
function of the US standards of identity requiring that
milk be fortified with milk fat and milk SNF above
what is natively found in milk and the availability of
lactose-rich ingredients designed to serve that purpose.
These high lactose levels play a significant role in the
overall freezing point depression of the serum phase of
ice cream (Goff and Hartel, 2013) and contribute to
a small degree to the overall sweetness of the frozen
dessert. Excessive levels of lactose and abusive storage
conditions can render lactose insoluble, resulting in the
crystallization of lactose molecules and the concomitant
sensory defect known as sandiness (Nickerson, 1954).
Interest in reducing lactose and overall carbohydrate
content in ice creams has been a current focus of in-
quiry, as has the inclusion of lactose derivatives such
as polymerized lactose with reported prebiotic function
(Tremaine et al., 2014; Balthazar et al., 2015).

Given that ice creams are, in essence, concentrated
milk components, the mineral density—more specifi-
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cally, the calcium and phosphorus content—can argu-
ably have a significant positive effect on the nutritional
contribution of frozen desserts (Auld et al., 2002). Also,
because ice cream structure is in part a function of ionic
bonds present, changes to the presence or availability
of especially polyvalent ionic minerals have been shown
to produce unique, sometimes unanticipated effects in
even some very early experiments (Hening, 1929). Cal-
cium fortification based on increasing nutrient content
was shown to increase ice crystal growth through ef-
fecting decreases in the CN micelle size and increased
milk fat destabilization in frozen desserts with added
k-carrageenan stabilizer (Costa et al., 2008).

Hydrocolloid Stabilizers

A wide variety of hydrocolloid chemistry studies have
examined the physical and chemical properties and
behavior of typically larger molecules or particles dis-
persed within or residing at the interface of an aqueous
continuous phase. Ice cream has transitioned from a
product historically consumed soon after manufacturing
to a product currently designed to maintain desirable
sensory properties over an extended storage period, and
interest in building richness-imparting viscosity has in-
creased. Therefore, the inclusion of hydrocolloid stabi-
lizer systems has been routine in the design of ice cream
mix. Such hydrocolloids are typically carbohydrate in
nature but may contain protein-based ingredients, such
as gelatin (Wright, 1930; Leighton et al., 1934; Miller-
Livney and Hartel, 1997). The chemical and physical
actions of the hydrocolloids involve mechanisms based
on various factors, including the presence of charged
moieties, hydrophobic regions, and high water-holding
capacities of such ingredients (Schmidt and Smith,
1992). Advances in this realm have led to the inclusion
of a vast array of stabilizers derived from a variety of
sources (Caulfield and Martin, 1933; Regand and Goff,
2002; Javidi et al., 2016) that affect the rheological,
stability, and sensory properties. In general, these sta-
bilizers impede the outgrowth of ice crystals and the
sublimation of water (Dubey and White, 1997) while
increasing the viscosity of the mix, sensory smoothness,
and foam stability (Goff and Hartel, 2013).

Emulsifying Agents

Many ingredients of ice cream, including some pro-
teins and lipids, exhibit the ability to influence the
physics of the interfacial or emulsion-like molecules
between the aqueous and bulk lipid phases of frozen
desserts. Because the structure of finished frozen des-
sert products may be influenced by the state of these
chemistries, measures have been taken to include or
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optimize ingredients to increase the presence or efficacy
of surfactant capacities. Historically, whole eggs or egg
yolks were added as a means of improving various sen-
sory properties of frozen desserts (Mueller and Button,
1929). More recent work has led to the evaluation and
inclusion of a collection of emulsifying agents such as
polysorbate compounds, native phospholipid concen-
trates, and triglyceride derivatives (Baer et al., 1999;
Daw and Hartel, 2015). A general mechanism for emul-
sifier behavior resides in the ability to reduce interfa-
cial tension of the milk fat globule interface, making it
further susceptible to the destabilization or coalescence
phenomena during the manufacturing process.

Sweeteners

Despite the relatively familiar character of food
sweeteners common to frozen desserts (e.g., sucrose),
their roles and chemistries are varied and diverse. Aside
from imparting the sensory attribute of sweetness,
these ingredients influence a wide variety of other char-
acteristics such as freezing point depression, solution
osmotic strength, ice crystal growth, reactivity (e.g.,
with primary amines), and product rheology or malle-
ability. Early studies, primarily driven by economic in-
terests, explored sucrose replacement using ingredients
such as invert sugar and corn starch—based sweeteners
(Frandsen et al., 1919). The discovery of high-intensity
sweeteners and the interest in reduced-carbohydrate
diets have driven an interest in the inclusion of non-
nutritive sweeteners such as aspartame and sucralose
(Specter and Setser, 1994). However, with this interest
comes sensory and functional concerns given the mul-
tivalent role of traditional carbohydrate sweeteners in
frozen desserts (Cadena et al., 2012), most notably the
dramatic reduction in solute concentration needed for
freezing point depression.

Flavorants, Colorants, Variegates,
and Inclusion Additives

There seems to be few limitations on the number and
variety of flavor-, texture-, and color-imparting addi-
tives that find their way into frozen desserts. Ethnic
and regional influences help create interest in diverse
flavor options, and few flavors—including those of a
savory nature—have not been successfully marketed or
at least attempted in a frozen dessert form. Apart from
flavor intensity and compatibility, this presents vari-
ous topics of scientific interest. First, not all of these
additives can be seamlessly presented in frozen des-
serts. For instance, chocolate products served at frozen
dessert temperatures are typically modified to exhibit
improved meltability and flavor character (Cebula and
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Hoddle, 2009). Perhaps more significant is that the vast
majority of these additives are added after the pas-
teurization process, thus placing significant demands
on food safety practices during the manufacturing and
handling processes. Ice cream has also been susceptible
to food safety concerns (Buchanan et al., 2017).

Novel Ingredients

There certainly are ingredients that have critical
roles in modern frozen desserts that are not included in
the categories above. Compared with the simple prod-
uct of the past, modern frozen desserts are available in
an assortment of compositional variants, such as “no
sugar added” products or those with little or reduced
milk fat content. As noted previously, the fundamental
ingredients in frozen desserts such as sugar and milk
fat serve a vast array of functional purposes and cannot
simply be replaced without some degree of design to
yield a product that has the sensory and functional
properties of the original (Guinard et al., 1997). For
instance, the manufacture of no sugar added products
has been a significant area of development for those
seeking to reduce calories by reducing carbohydrate in-
take. No sugar added ice creams typically still contain
sugars native to the milk ingredients (namely lactose)
but replace the sucrose or carbohydrate sweetener with
a high-intensity sweetener such as aspartame. Although
the sweetness may approach that of the native prod-
uct, the absence of sucrose yields a product with such
a high freezing point that it is incompatible with the
critical freezing systems involved in the manufacture
and serving of ice cream. In response, small molecular
weight sugar alcohols with lower glycemic indices (e.g.,
maltitol, sorbitol, or erythritol) are added as a means of
obtaining desirable freezing point depression (Moriano
and Alamprese, 2017).

The replication by novel ingredients of attributes
imparted by milk fat seems to have presented a more
complicated task. In addition to imparting nutritional
and flavor-related qualities, milk fat imparts significant
structural and textural characteristics that change over
the course of consumption in a unique but anticipated
manner. The changes in texture involve changes in the
physical structure that milk fat has assumed in frozen
desserts as well as changes in physical state (i.e., solid
to liquid) as the product is consumed. Finding a single
ingredient that is capable of producing these unique
attributes has been challenging. Thus, most approaches
involve the inclusion of multiple ingredients, including
hydrocolloids (Akbari et al., 2016), proteins (Akaln et
al., 2008), and corn derivatives (Roland et al., 1999).
However, studies suggest that much work is still re-
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quired to gain a fundamental understanding of the role
of milk fat in frozen desserts as well as the design and
selection of ingredients that are capable of successfully
replacing milk fat.

FREEZING, PACKAGING, AND HARDENING

From the early days, ice cream manufacturers have
continually sought methods to improve both product
quality and manufacturing efficiency. Advances in fro-
zen dessert technology in general have taken advantage
of advances in dairy processing. For example, separa-
tion, pasteurization, and homogenization techniques
have advanced significantly over the past century,
improving the process of making all dairy foods, in-
cluding frozen desserts. Because these dairy processing
techniques are discussed elsewhere, the focus here is on
processes unique to ice cream.

Freezing

Ice cream is distinguished from other dairy products
by the freezing operation. Thus, advances in ice cream
production have generally followed advances in refrig-
eration processes. Although mechanical refrigeration
was first developed in 1878, even for many decades
thereafter ice cream was frozen using a brine (rock
salt and ice) system as a heat transfer medium. This
posed problems for ice cream makers because brine
temperatures are limited to —5°F (—23°C), so freez-
ing rates and ice cream quality did not meet current
standards. In the early 1900s, horizontal circulating
brine freezers were introduced that greatly enhanced
production rates and control of ice cream making,
although maintaining low brine temperatures was
still problematic. The first direct-expansion ice cream
freezer was invented in 1913 (Goff and Hartel, 2013),
but it was still many years before such freezers be-
came extensively used; the first commercially adopted
continuous freezer was seen in 1926 (Goff and Hartel,
2013). Fisk (1919) mentioned the use of mechanical re-
frigeration but noted that brine freezing was still most
common at that time. Even in 1932, brine freezers
were still widely used. Sommer (1932) stated, “Brine
freezers are still most common, but direct expansion
freezers have been perfected and being quite generally
used.” Brine freezers were quickly phased out after
that, giving way to the enhanced control and produc-
tion of direct-expansion, mechanical-refrigeration ice
cream freezers.

Mechanical refrigeration became widespread in the
1930s with the advance of home refrigerators and freez-
ers as well as commercial frozen storage units. This
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allowed high-quality ice cream to reach consumers for
in-home consumption. Numerous advances in storage
freezer technology have continued in recent years, with
efforts, for example, aimed at reducing environmental
pollution (e.g., restrictions on fluorocarbons) and en-
ergy costs (e.g., phase change panels within storage
freezers).

In terms of ice cream freezer design, numerous ad-
vances have occurred in the past 100 yr, although few
of those developments were recorded in the Journal
of Dairy Science because of the engineering basis of
equipment development. One early article, however,
compares cleaning and sanitizing protocols based on
hot water, steam, and chlorine (Fabian et al., 1942).

The basic direct-expansion ice cream freezer has
changed significantly in the past half century. Modern
freezers have been designed to improve consistency and
maximize throughput and efficiency by minimizing
energy use and product losses. Programmable controls
also enhance efficient operation and reduce labor re-
quirements.

Several major advances in ice cream freezer tech-
nology based on the development and application of
extruders are noteworthy. For one, extrusion technol-
ogy for creating novelty products grew significantly
in the 1980s (Goff and Hartel, 2013). Another major
development in freezer technology overlaps with
the low-temperature extrusion process for ice cream
manufacture developed in the 1990s (Wildmoser and
Windhab, 2001). Here, the product from the draw of a
standard scraped surface freezer is cooled further in an
extruder that operates with low rotational speed. This
slow churning process helps maintain small ice crystals
and air bubbles by rapidly freezing to low temperatures
(=12 to —15°C), creating a product with a smoother
texture.

Packaging

In 1919, ice cream from the brine freezer was quickly
unloaded into metal packing cans (Fisk, 1919). These
cans were made of heavy iron in sizes from 0.9 L (1
quart) to 18.9 L (5 gallons). From these packing tins,
the ice cream was packed into brick molds, from which
smaller bricks were cut and stored in parchment paper
for sale. Filling and packaging technology advanced
quickly in subsequent decades. Sommer (1932) included
a photo of an automatic packing can filler and described
its operation, in which ice cream was fed from a batch
freezer into a hopper for can filling. These units were
beneficial when at least 6 freezers were feeding the sys-
tem, but there was a loss of quality because some melt-
ing of product occurred during handling and filling,
primarily resulting in ice cream with larger detectable
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ice crystals. A loss of overrun of up to 10% also resulted
from handling ice cream during packaging (Sommer,
1932).

Automated filling and packaging machines brought
changes to the package itself. For many years, the
standard ice cream package was made of wax-coated
cardboard in the form of half-gallon bricks. These rect-
angular boxes gave way to round or oval containers
to facilitate consumer scooping, among other reasons.
Round, conical, or square-round containers have now
mostly replaced the half-gallon brick packaging.

Modern ice cream fillers are extremely sophisticated
and are sequenced to accept the output of continuous
freezers and fill containers of all sizes (Goff and Hartel,
2013). Little to no melting of ice cream occurs. Pack-
age sizes vary from 100 mL to 8 L for consumers and
up to 24 L for tubs of bulk ice cream, and packages
are primarily made of paperboard or plastic material.
Large-scale bulk fillers can fill 24-L tubs at a rate of up
to 480 units/h (Goff and Hartel, 2013).

Hardening

In the early years of the commercial industry, ice
cream was hardened with rock salt and ice in slush
boxes (Fisk, 1919). As mechanical refrigeration systems
became more common, larger plants adopted them for
all applications (Sommer, 1932). Tracy and McCown
(1934) summarized some of the most important fac-
tors that influenced hardening of ice cream, including
freezer temperature, air velocity, and container size, all
of which are still appropriate to consider today.

Modern hardening rooms are much more efficient
than those available in the early 1900s, with extremely
rapid cooling providing a higher quality product by
maintaining reduced ice crystal size. The development
of spiral conveyor designs allowed for more efficient
use of manufacturing plant space compared with linear
tunnels. The goal of a hardening room should be to
achieve a core temperature of —18°C within 4 h. Rapid
hardening prevents recrystallization of ice crystals and
growth of air cells while the product is still relatively
warm (—12 to —6°C; Goff and Hartel, 2013). However,
rapid hardening is still limited by heat transfer through
the surface of the package, setting up a thermal gradi-
ent in which the product at the center remains warm
for a longer time. During this time, recrystallization
causes an increase in ice crystal size (Donhowe, 1993)
and disproportionation causes an increase in air cell
size (Chang and Hartel, 2002¢). The low-temperature
extrusion process is a form of extremely rapid harden-
ing, ensuring that the entire product mass is cooled
uniformly and rapidly to low temperatures (Wildmoser
and Windhab, 2001).



100-YEAR REVIEW: FROZEN DESSERTS

ICE CREAM MICROSTRUCTURE

A unique multiphase food product, ice cream is a
foam, a dispersion of ice crystals, and an emulsion with
fat globules that may be partially destabilized. These
elements are held together by a serum phase that con-
tains dissolved sugars, salts, and proteins as well as
micellar CN (Kalab, 1985; Berger, 1990; Goff, 1997;
Goff and Hartel, 2013). Depending on the hydrocolloid
stabilizer used, there may also be a weak gel formed
through the serum phase. Each of these structures
plays an important role in determining the quality and
shelf life of ice cream.

Studies of these different ice cream structural ele-
ments have increased over the past century, and signifi-
cant advances have been published in the Journal of
Dairy Science. In particular, advances in microscopic
evaluation of the different components have improved
our understanding of the complex multiphase structure
of ice cream. Cole (1932a) published an early article
on using optical microscopy to study ice cream tex-
ture, which was quickly followed by a modified method
published by Fay (1933). Keller et al. (1943) expanded
that to the use of polarized light microscopy. Arbuckle
(1960) described an optical microscopy technique for
characterizing cream structure. The use of scanning
electron microscopy images of dairy products began in
the early 1970s (Kalab, 2010). Buchheim and Knoop
(1970) and Berger et al. (1972a, b) appear to be the
first to publish scanning electron microscopy images of
ice cream. Berger (1990) reviewed ice cream structural
analyses in significant detail. These and other such
publications (e.g., Donhowe et al., 1991; Caldwell et
al., 1992a, b; Chang and Hartel, 2002a) helped advance
our understanding of ice cream microstructure over the
past century. One notable advance in microstructure
analysis in recent years is the use of X-ray tomography
to characterize in situ 3-dimensional structure (Pinzer
et al., 2012).

The effects of microstructure on quality and texture
also have been studied over the years. Some early
work focused on the effects of different ingredients and
processing methods on ice cream viscosity (Leighton
et al., 1934). Cole and Boulware (1940) looked at the
effects that mix composition had on the texture of ice
cream, although not through an analysis of structural
elements. Shama and Sherman (1966) used a mechani-
cal model approach to correlate rheological properties
of ice cream with microstructural elements. Muse and
Hartel (2004) correlated ice cream microstructure with
melting rate and hardness. Koxholt et al. (2001) found
that fat globules or clusters above a critical size signifi-
cantly inhibited meltdown of ice cream, although War-
ren and Hartel (2014), studying commercial ice creams,
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found that the correlation between meltdown and fat
globule or cluster size distribution was confounded by
other factors as well. Wildmoser et al. (2004) correlated
microstructure on rheological properties and quality of
ice cream. Research continues on how the structural
elements in ice cream influence quality and shelf life.

Ice Phase

The ice phase provides an eating experience that is
unique to ice cream. The numerous small ice crystals
provide a cooling effect while also yielding a smooth,
creamy mouthfeel. Controlling both the amount of ice
and the nature of the ice crystal dispersion (mean size,
range of sizes) is one of the most important factors in
creating a desirable product. Unacceptable changes in
ice crystal dispersion, or coarsening, can signal the end
point for shelf life. Because the total amount of ice
formed (assuming equilibrium) is found from a serum
phase mass balance through the freezing point depres-
sion curve (see the Serum Phase section), the focus here
is on the dispersed phase characteristics, namely mean
size and size distribution.

As noted previously, studies investigating the struc-
tural aspects of ice cream were already underway by
the early 1930s. By the 1960s, microscopic examination
of ice crystals in ice cream was already well advanced
(Arbuckle, 1960), but advances in scanning electron
microscopy truly enhanced our understanding of ice
cream structures, including ice crystals (Berger et al.,
1972a, b). Berger (1990) cited 3 earlier references to ice
crystal size, quoting as small as 20 pm and as large as
56 pm. Donhowe et al. (1991) then published a method
for quantifying the entire ice crystal size distribution in
ice cream based on image analysis of samples observed
through a microscope housed in a refrigerated glove
box system. Their results showed that the ice crystal
size distribution fit best to a log normal distribution,
exhibiting a skew to larger sizes. Warren and Hartel
(2014) used the method of Donhowe et al. (1991) to
evaluate structural attributes of a range of commercial
ice creams purchased from the local supermarket and
documented a range of ice crystal sizes from as small
as 26.3 pm to as large as 67.1 pm (mean = 48.1 pm).

Despite its importance in modern ice cream manufac-
ture, the scraped surface freezer has received very little
quantitative study. Russell et al. (1999) and Drewett
and Hartel (2007) studied ice crystal formation in
the scraped surface freezer and found that residence
time within the freezer had a major effect on final ice
crystal size exiting the freezer. Both studies show that
longer residence times allow a greater extent of ripen-
ing, where large crystals within the bulk grow at the
expense of small dendritic nuclei generated by scrap-

Journal of Dairy Science Vol. 100 No. 12, 2017



10020

ing the cold wall, resulting in larger ice crystals at the
exit of the freezer. Cook and Hartel (2011) investigated
the breakup of the small dendritic ice crystals as they
were scraped off the barrel wall and mixed with warmer
product in the center of the barrel. Cook and Hartel
(2010) reviewed current knowledge on freezing pro-
cesses for the scraped surface freezer.

The effects of both ingredient formulation and pro-
cessing conditions on the ice crystal distribution have
been studied widely over the years. Donhowe et al.
(1991), for example, studied changes in ice crystal size
distribution during processing. For an ice cream made
from a mix with 40% TS, mean crystal size immedi-
ately out of the freezer was less than 30 pm, whereas
after hardening the mean size had grown to about 35
pm based on the increase in ice phase volume at the
lower temperature. They also documented that mean
ice crystal size increased with a decrease in TS con-
tent (from 40% down to 31%), most likely because the
phase volume of ice was higher in mixes with lower TS
content.

One of the major shelf life issues of ice cream is ice
recrystallization, where ice crystals gradually grow
larger over time based on thermodynamic ripening
principles, leading to a coarse ice cream texture. Nu-
merous studies have investigated ice recrystallization
during storage; the results are summarized in a review
by Hartel (1998). In particular, stabilizers are added
to help control ice recrystallization. Numerous studies
over the years have attempted to better understand
how and when stabilizers work (Harper and Shoemak-
er, 1983; Hagiwara and Hartel, 1996; Miller-Livney and
Hartel, 1997; Flores and Goff, 1999a, b; Trgo et al.,
1999; Bolliger et al., 2000). More recently, the effects of
ice structuring proteins on recrystallization in ice cream
have been investigated (Regand and Goff, 2006).

Air Phase

According to the US standard of identity for ice
cream, the maximum amount of air that can be incor-
porated is 50% relative to the volume of mix (e.g., where
2 L of ice cream is made from 1 L of mix). Overrun
was also called “swell” in the early years of ice cream
making (Fisk, 1919). A recent commercial survey of US
ice creams showed that overrun ranged from 21.7 to
119%, with a mean of 75%. In general, higher overrun
products had lower fat content than superpremium ice
creams with 14% or higher fat content (Warren and
Hartel, 2014). Air provides unique texture to ice cream,
reducing the density and increasing scoopability. Both
the amount of air and its distribution are important.
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Also, changes during storage can influence ice cream
texture and contribute to the end of shelf life.

In the early days of ice cream studies, attention was
focused on the effects of mix composition and process
parameters on aeration capabilities of the mix (Som-
mer, 1932). It was not until many years later that
methods of visualizing and quantifying air cells reached
the point of providing useful information. The optical
microscope methods noted previously generally have
not been valuable for quantifying air cells because the
nature of the sample preparation generally destroys the
air cells. This means that scanning electron microscopy
has been the main approach (Berger et al., 1972a, b).
Berger (1990) cites several references that suggest that
air cell sizes are quite large (i.e., over 100 pm in size)
in contrast to the modern understanding that air cells
are generally around 20 pm in size (Goff and Hartel,
2013). The differences could be caused by differences in
air incorporation in modern ice cream freezers. Chang
and Hartel (2002a) developed an optical microscopy
method for quantifying the complete air cell size dis-
tribution that matched well with scanning electron
microscopy quantification. Their results clearly show
that mean air cell size in ice cream is closer to 20 pm.
They then used the method to document how air cells
develop and are broken down in a batch freezer (Chang
and Hartel, 2002b) and how they change during storage
(Chang and Hartel, 2002c). Warren and Hartel (2014)
used the same method to show that the mean air cell
size in commercial products in the United States varied
from as small as 17.1 pm to as large as 39.5 pm (mean
= 29.9 pm).

Shrinkage of ice cream during storage can be a prob-
lem, particularly when packages are transported under
conditions where pressure changes, as in transport over
mountains. The decrease in pressure as elevation in-
creases causes an increase in air cell volume based on
the ideal gas law. When atmospheric pressure returns
to normal (i.e., at sea level), the air cells shrink back,
which, depending on the elastic nature of the com-
ponents stabilizing the air cells, can cause the entire
product to shrink away from the package. In extreme
cases, a product can lose substantial volume, leading to
consumer complaints. Nickerson and Tarussek (1955)
provided guidance to manufacturers of the day on how
to control shrinkage. More recently, Dubey and White
(1997) reviewed past publications on shrinkage of ice
cream and discussed potential mechanisms. Factors
that potentially decreased shrinkage included addition
of corn syrup, use of higher pasteurization tempera-
tures, proper aging of mix, use of whey proteins, and
use of stabilizers and emulsifiers.
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Fat Phase

According to the US standard of identity, ice cream
must contain a minimum of 10% milk fat, whereas pre-
mium and superpremium ice creams may have upward
of 16% fat. The fat globules are typically on the order
of 1 pm or so in diameter following pasteurization and
homogenization and are well stabilized by milk proteins.
Upon cooling and during aging, a portion of the fat
crystallizes to produce partially crystalline fat globules
(Adleman and Hartel, 2001) with more or less stabil-
ity depending on the amount and type of emulsifier
added. It is well known that the addition of emulsifiers
(particularly polysorbate 80) to ice cream mix causes
desorption of protein from the fat globule surface, re-
ducing the stability of the emulsion droplets (Goff and
Hartel, 2013). In the case of ice cream, emulsifiers are
added to destabilize the emulsion. This allows individ-
ual fat globules to partially coalesce during the intense
shear forces in freezing to form aggregated clusters of
fat globules that provide unique structural attributes
in ice cream. In particular, these fat globule clusters
provide a generally desirable measure of resistance to
melt down. However, if excessive fat destabilization oc-
curs due to either high shear forces or high fat content,
churning of the emulsion results, leading to visible but-
ter granules. Among commercial ice cream samples, fat
destabilization varied from 2.6 to 55.3%, with a mean
level of 21.9% (Warren and Hartel, 2014).

The phenomenon of partial coalescence has been
widely studied over the years, with the first specific
mention of fat destabilization in the Journal of Dairy
Science credited to Mahdi and Bradley (1969), although
earlier work (Keeney, 1958; Keeney and Josephson,
1958; Kloser and Keeney, 1959) had already developed
the colloidal approach to the fat phase. Tong et al.
(1984) studied fat destabilization in frozen desserts
made with safflower oil replacing some of the milk fat.
Goff and Jordan (1989), Goff et al. (1989), Pelan et
al. (1997), and Zhang and Goff (2005), among others,
have studied the effects of emulsifiers and proteins on
fat destabilization.

One of the earliest (and still best) images of partially
coalesced fat globules is found in a review of the micro-
structure of fat-based dairy products by Kalab (1985).
A transmission electron microscope image clearly shows
6 different fat globules fused together with liquid fat
bridging the partially crystalline individual globules.
Walstra (2003) postulated that partial coalescence was
initiated by a fat crystal from one globule extending
out of the surface and penetrating the interface of a
neighboring globule, causing sharing of liquid fat. How-
ever, recent work by Thiel et al. (2016) clearly shows
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that partial coalescence occurs without the necessity of
crystalline protuberances. Under the proper conditions,
the interfaces of 2 fat globules begin to relax toward
coalescence, based on the reduction of surface energy,
but the crystalline rigidity within the globules arrests
coalescence before it is completed.

Fat globule clusters have an important role in tex-
ture and sensory properties of ice cream. In particular,
larger clusters are known to influence the meltdown
rate of ice cream (Koxholt et al., 2001), although other
factors influence meltdown rate as well (Warren and
Hartel, 2014). Fat also plays an important role in the
sensory attributes of ice cream, including flavor release.
Hyvonen et al. (2003) showed that the temporal sen-
sory properties of ice cream were significantly reduced
in a nonfat product, although fat content and type had
much less effect.

Serum Phase

An understanding of the liquid, or serum, phase in
ice cream is just as important to controlling quality
as an understanding of the dispersed phases. The se-
rum forms the lamellae that surround the air cells in
frozen products. Keeney and Maga (1965) collected a
foam fraction that made up the lamella and analyzed
its composition. Not surprisingly, it was found to be
concentrated in fat and protein along with other serum
components, but the specific composition seemed to
depend on the nature of the emulsifiers used.

The freezing point depression of the serum phase
determines the freeze concentration effect, so it is a
critical aspect to control. Mixes with high freezing point
temperature have more ice frozen and are harder at
any storage temperature than mixes with lower freezing
point temperature. This was understood already in 1925
when Parfitt and Taylor (1925) quantified the effects of
mix ingredients on freezing point. Leighton (1927) then
published calculated values of freezing point depression
based on mix composition and estimated the amount of
ice formed at each temperature, assuming that the ice
content had reached phase volume equilibrium with the
serum. Cole (1932b) also calculated the increasing con-
centration of mix components (e.g., proteins, sugars)
during freezing. Bradley (1984) plotted freezing curves
for dairy desserts, clearly documenting how much ice
forms at any temperature, again assuming ice phase
volume equilibrium. Details of freezing point calcula-
tions and freezing curves are covered in Goff and Hartel
(2013).

Freeze concentration causes significant changes in
the serum phase. In particular, there is an increase
in viscosity, but entanglement of the stabilizers also
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undoubtedly plays a role in stability of ice cream in
storage (Goff et al., 1993). This increasing viscosity of
the serum phase as temperature decreases eventually
leads to the glass transition at temperatures of —32 to
—40°C (Levine and Slade, 1988). Although the concept
of glass transition as applied to foods is largely attrib-
uted to Levine and Slade (1986), the concept of ice
cream as a glass under very low storage temperatures
was already understood by Sommer (1932). Levine and
Slade further expounded on the concept in subsequent
publications (Levine and Slade, 1988; Levine and Slade,
1992), even developing frozen desserts that were signifi-
cantly more stable during storage based on the stabil-
ity inherent with the glassy state. Goff et al. (1993)
showed that polysaccharides did not affect the glass
transition temperature of ice cream mix but most likely
influenced the nature of the freeze-concentrated serum
in frozen ice cream, particularly at low storage tem-
peratures. Whelan et al. (2008) evaluated the effects of
trehalose as a sucrose replacement for sucrose, finding
that trehalose increased the glass transition tempera-
ture slightly. However, this difference did not lead to
significant decreases in ice recrystallization rates.

The concentration effect on hydrocolloids and pro-
teins also has important effects on ice cream quality.
The incompatibility of hydrocolloids with proteins
causes phase separation of the serum phase (Regand
and Goff, 2002), which can influence meltdown rates,
sensory properties, and stability against heat shock
(Regand and Goff, 2003).

Another effect of freeze concentration of the serum
phase is the supersaturation of lactose. Under certain
circumstances, lactose is likely to crystallize from the
serum phase during storage (Whitaker, 1933). In fact,
the article by Williams and Peter (1930) may be the
first identification of the sandiness defect being related
to lactose. However, it was Nickerson who published
a sequence of seminal articles in the Journal of Dairy
Science in the 1950s and 1960s that truly identified and
confirmed the problem and provided potential solutions
(Nickerson, 1954, 1956, 1957, 1962). Thanks in large
part to Nickerson’s work, the sandiness defect has been
reduced to only sporadic events.

FUTURE CHALLENGES

Although food scientists have made significant prog-
ress over the past 100 yr, our understanding of ice
cream science and how to use that science to control
manufacturing practices to optimize product quality
and manufacturing efficiency is still not complete. Some
particular areas of interest might include the following.

One of the most critical aspects of ice cream quality
during shelf life is coarsening of ice crystals, particu-
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larly in frost-free freezers where temperatures fluctuate
on a regular basis. The use of stabilizers to reduce this
coarsening is widespread, but our understanding of
exactly how and why large molecular weight stabiliz-
ers inhibit recrystallization is still somewhat uncertain.
Armed with a better scientific understanding of the
phenomenon, food scientists may be able to design
specific additives to target recrystallization. One ex-
ample of that might be ice-structuring proteins, which
interact with the ice crystal surface to strongly inhibit
recrystallization (Regand and Goff, 2006). Although
this possibility has been recognized since the 1990s,
applications in commercial products are still limited.

Ice cream has long been considered an indulgent
treat. Recently, food technologists have worked to
improve the functional and nutritional quality of ice
cream and frozen desserts. For example, frozen yogurt
was developed around 1980 as a healthy alternative to
ice cream. Numerous developments have taken place
since then, including but not limited to fat reduction,
sugar replacement, protein enhancement, and probiotic
addition. Based on the current health trend, such ef-
forts will continue in the future.

New developments in ice cream freezer technol-
ogy will be likely in the future as freezers are better
engineered to control the complex microstructures in
ice cream. Current freezers are designed to form ice,
create air bubbles, and destabilize fat globules in the
short time that ice cream spends in the scraped surface
freezer. A better understanding of how to optimize each
of these structure developments will lead to more ef-
ficient freezer operations.
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APPENDIX

Table A1. Milestones in the development of frozen dairy desserts

10025

Date Milestone Reference
1600s The earliest form of ice cream, frozen ice, is developed in Italy based on brine
freezing.
1878 Mechanical refrigeration is developed. Goff and Hartel, 2013
1902 The horizontal circulating brine freezer is invented.
1905 Emery Thompson develops the gravity-fed batch ice cream freezer. Goff and Hartel, 2013
1920s Numerous frozen products (e.g., Eskimo Pie, Popsicle) are introduced.
1925 Freezing point depression is calculated. Parfitt and Taylor, 1925;
1926 The first continuous freezer is adopted commercially. Goff and Hartel, 2013
1929 The Vogt Instant freezer is introduced.
1932 Ice cream is evaluated microscopically. Cole, 1932a
1932 Brine freezers are still common, but direct expansion freezers begin to take Sommer, 1932
over manufacturing.
1938 The Federal Food, Drug, and Cosmetic Act instituting standards of identity is
passed.
1950s Vegetable gums replace gelatin as a stabilizer.
1954-1962 Lactose crystallization in ice cream is studied. Nickerson, 1957,1962
Late 1950s Modern emulsifiers begin to replace egg yolk functionality. Goff, 2008
1958 Fat destabilization in ice cream is studied. Keeney and Josephson,
1958
1970-1972 | The first scanning electron microscope images of ice cream are produced. Berger et al., 1972a,b
1980s Extrusion processes are developed for the production of ice cream novelties.
1981 The first frozen yogurt is marketed.
Late 1980s A polymer science approach to frozen foods is based on glass transition Levine and Slade, 1986,
temperature. 1988
1988 The flash-frozen Dippin’ Dots snack is invented.
2000s The low-temperature extrusion process for ice cream is developed. Wildmoser and Windhab,
2001
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