
Thermal Properties of Polymers 

Polymer Glass Transition 

In the study of polymers and their applications, it is important to 
understand the concept of the glass transition temperature, Tg. As the 
temperature of a polymer drops below Tg, it behaves in an increasingly 
brittle manner. As the temperature rises above the Tg, the polymer becomes 
more rubber-like. Thus, knowledge of Tg is essential in the selection of 
materials for various applications. In general, values of Tg well below room 
temperature define the domain of elastomers and values above room 
temperature define rigid, structural polymers. 

This behavior can be understood in terms of the structure of glassy 
materials which are formed typically by substances containing long chains, 
networks of linked atoms or those that possess a complex molecular 
structure. Normally such materials have a high viscosity in the liquid state. 
When rapid cooling occurs to a temperature at which the crystalline state is 
expected to be the more stable, molecular movement is too sluggish or the 
geometry too awkward to take up a crystalline conformation. Therefore the 
random arrangement characteristic of the liquid persists down to 
temperatures at which the viscosity is so high that the material is 
considered to be solid. The term glassy has come to be synonymous with a 
persistent non-equilibrium state. In fact, a path to the state of lowest energy 
might not be available. 

To become more quantitative about the characterization of the liquid-glass 
transition phenomenon and Tg, we note that in cooling an amorphous 
material from the liquid state, there is no abrupt change in volume such as 
occurs in the case of cooling of a crystalline material through its freezing 
point, Tf. Instead, at the glass transition temperature, Tg, there is a change 
in slope of the curve of specific volume vs. temperature, moving from a 
low value in the glassy state to a higher value in the rubbery state over a 
range of temperatures. This comparison between a crystalline material (1) 
and an amorphous material (2) is illustrated in the figure below. Note that 
the intersections of the two straight line segments of curve (2) defines the 
quantity Tg. 
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The specific volume measurements shown here, made on an amorphous 
polymer (2), are carried out in a dilatometer at a slow heating rate. In this 
apparatus, a sample is placed in a glass bulb and a confining liquid, usually 
mercury, is introduced into the bulb so that the liquid surrounds the 
sample and extends partway up a narrow bore glass capillary tube. A 
capillary tube is used so that relatively small changes in polymer volume 
caused by changing the temperature produce easily measured changes in 
the height of the mercury in the capillary. 

The determination of Tg for amorphous materials, including polymers as 
mentioned above, by dilatometric methods (as well as by other methods) 
are found to be rate dependent. This is schematically illustrated in the 
figure below, again representing an amorphous polymer, where the higher 
value, Tg2, is obtained with a substantially higher cooling rate than for Tg1. 



 

We can understand this rate dependence in terms of intermolecular 
relaxation processes. Since a glass is not an equilibrium phase, its 
properties will exhibit a time dependence, or physical aging. The primary 
portion of the relaxation behavior governing the glass transition in 
polymers can be related to their tangled chain structure where cooperative 
molecular motion is required for internal readjustments. At temperatures 
well above Tg, 10 to 50 repeat units of the polymer backbone are relatively 
free to move in cooperative thermal motion to provide conformational 
rearrangement of the backbone. Below Tg, the motion of these individual 
chains segments becomes frozen with only small scale molecular motion 
remaining, involving individual or small groups of atoms. Thus a rapid 
cooling rate or "quench" takes rubbery material into glassy behavior at 
higher temperatures (higher Tg). 

While the dilatometer method is the more precise method of determining 
the glass transition temperature, it is a rather tedious experimental 
procedure and measurements of Tg are often made in a differential 
scanning calorimeter (DSC). In this instrument, the heat flow into or out of 
a small (10 – 20 mg) sample is measured as the sample is subjected to a 



programmed linear temperature change. This will be discussed in the next 
section. There are other methods of measurement such as density, dielectric 
constant and elastic modulus which are treated in texts on polymers. These 
methods are, of course, also rate dependent. 

Tg and Mechanical Properties 

Another important property of polymers, also strongly dependent on their 
temperatures, is their response to the application of a force, as indicated by 
two main types of behavior: elastic and plastic. Elastic materials will return 
to their original shape once the force is removed. Plastic materials will not 
regain their shape. In plastic materials, flow is occurring, much like a 
highly viscous liquid. Most materials demonstrate a combination of elastic 
and plastic behavior, showing plastic behavior after the elastic limit has 
been exceeded. 

Glass is one of the few completely elastic materials while it is below its Tg. 
It will remain elastic until it reaches its breaking point. The Tg of glass 
occurs between 510 and 560 degrees C, meaning that it will always be a 
brittle solid at room temperature. In comparison, polyvinyl chloride (PVC) 
has a Tg of 83 degrees C, making it good, for example, for cold water pipes, 
but unsuitable for hot water. PVC also will always be a brittle solid at room 
temperature. 

Adding a small amount of plasticizer to PVC can lower the Tg to – 40 
degrees C. This addition renders the PVC a soft, flexible material at room 
temperature, ideal for applications such as garden hoses. A plasticized 
PVC hose can, however, become stiff and brittle in winter. In this case, as in 
any other, the relation of the Tg to the ambient temperature is what 
determines the choice of a given material in a particular application. 

A striking example of the rate dependence of these viscoelastic properties 
is furnished by Silly Putty. Slowly pulling on two parts of the Silly Putty 
stretches it apart until it very slowly separates. Placing the Silly Putty on a 
table and hitting it with a hammer will shatter it. 
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The above images are representative of the behavior of a material above 
and below its glass transition temperature. The image on the (left) is Silly 
Putty that has been slowly stretched. The image on the (right) is Silly Putty 
which has been hit with a hammer. The speed of the hammer raised the 
rate of the application of the force and in turn raised the Tg. This caused the 
Silly Putty to react as if it were below its Tg and to shatter. Even though 
both reactions took place at the same ambient temperature, one reaction 
appeared to be above the effective Tg and the other appeared to be below. 

Our focus has been on amorphous polymers in the preceding discussion 
but we have hardly touched on their mechanical properties. A further 
complication arises in dealing with general polymers from their semi-
crystalline morphology in which amorphous regions and crystalline 
regions are intermingled. This gives rise to a mixed behavior depending on 
the percent crystallinity and on their temperature, relative to Tg of the 
amorphous regions. You are referred to texts on polymer science for basic 
discussion of these topic but the inhomogeneity of the material and its 
characteristics presents interesting analytical challenges. 

Differential Scanning Calorimetry 

In differential scanning calorimetry (DSC), the thermal properties of a 
sample are compared against a standard reference material which has no 
transition in the temperature range of interest, such as powdered alumina. 
Each is contained in a small holder within an adiabatic enclosure as 
illustrated below. 



 

The temperature of each holder is monitored by a thermocouple and heat 
can be supplied electrically to each holder to keep the temperature of the 
two equal. A plot of the difference in energy supplied to the sample against 
the average temperature, as the latter is slowly increased through one or 
more thermal transitions of the sample yields important information about 
the transition, such as latent heat or a relatively abrupt change in heat 
capacity. 

The glass transition process is illustrated in the figure below for a glassy 
polymer which does not crystallize and is being slowly heated from below 
Tg. 

 

  



Here, the drop marked Tg at its midpoint represents the increase in energy 
supplied to the sample to maintain it at the same temperature as the 
reference material, due to the relatively rapid increase in the heat capacity 
of the sample as its temperature is raised through Tg. The addition of heat 
energy corresponds to this endothermal direction. 

A melting process is also illustrated below for the case of a highly 
crystalline polymer which is slowly heated through its melting 
temperature: 

 

Again, as the melting temperature is reached, an endothermal peak 
appears because heat must be preferentially added to the sample to 
continue this essentially constant temperature process. The peak breadth is 
primarily related to the size and degree of perfection of the polymer 
crystals. 

Note that if the process were reversed so that the sample were being cooled 
from the melt, the plot would be inverted. In that case, as both are being 
cooled by ambient conditions, even less heat would need to be supplied to 
the sample than to the reference material, in order that crystals can form. 
This corresponds to an exothermal process. 



Use of the DSC will be illustrated again in the section on liquid crystals in 
connection with the identification of their phase transitions. An interesting 
exercise for the reader would be to predict the general form of a DSC plot 
for a semicrystalline polymer which has been rapidly quenched from the 
melt to a temperature below Tg. In the DSC plot, assume the temperature is 
slowly increased from this value below Tg to a value well above, thus 
allowing for significant increases in the chain mobility as temperatures 
above Tg are reached so that some crystallization can begin, well before the 
melting point is reached. 

Optical fiber 

 

Plastic optical fibers (POFs) are a low-cost solution for low-speed, short-

distance applications in digital car networks, industrial networks, and 

home networks and appliances. The plastic optical fiber is made out of a 

plastic such as acrylic (PMMA) as the core material and fluorinated or 

perfluorinated polymers as the cladding materials. This research addresses 

the development of low-cost polymer optical fibers and waveguides with 

integrated gain and optical switching functionalities. Research team Jorge 

Morgado Luís Alcácer Rui Henriques Ana Charas Ana Luisa Mendonça 

Optical fibers are used to transmit light and, embedded in it, information. 

The working key principle is the total internal reflection at the interface 

between the core and the cladding (having a lower refractive index), which 

confines the propagating light beam within the core. Losses, due to 

scattering and absorption, limit the distance at which light can be 

transmitted. Silica is the material of choice for long distance transmission, 

being nearly transparent in the infra-red. So the selected wavelengths for 

data transmission are 850, 1310 and 1550 nm. Furthermore, the use of 

erbium as a dopant allows signal amplification when transmitting at 1.5 

µm wavelength, which has led to a drastic improvement of this technology. 

However silica optical fibers are expensive, brittle and, having cores with 

diameters around 50µm, make the connections difficult to perform. 

Plastic/polymeric optical fibers (POFs) are competing with silica fibers for 



short distance transmission (Local Area Networks, automotive, sensors) as 

they are flexible and, having larger cores, easier to connect. 

Polymethylmethacrylate, PMMA, is one of the most used core materials. 

However, losses are higher than in silica, limitting the application to 

shorter distances. Recent studies show that the use of fluorinated polymers 

as core materials significantly reduces losses. The aim of the project is to 

explore conjugated luminescent polymers, which show stimulated 

emission, as amplifiers of POFs, thereby played a role similar to that of 

erbium in the silica fibers. Furthermore, the gain of these conjugated 

polymers can be switched off, with a laser beam, in time scales around 1ps. 

This effect is being explored in ultrafast optical switches. STREP Contract 

number 026365 This photo shows four doped organic optical fibers, The 

active materials are fluorene oligomers of different lenghts: a trimer (3), a 

pentamer (5), a heptamer (7), and a long chain (polymer) Following the 

first observation (Phys. Rev. Lett. 94 (2005) 117402) that dilution of a 

conjugated 

 

Colour properties 

Water Based Stains are similar to acid based stains in the sense that one can 

still achieve a translucent look like acid; some stains are able to achieve an 

opaque color and/or a translucent effect. The main difference is that acid 

stains react to the concrete and change the physical make up of the concrete 

material, whereas water based stains are more of a "coating" that bonds 

with the concrete. There are many variations of water based stains that 

have come into the decorative concrete industry that perform in a number 

of different ways. Some are polymer based, acrylic and epoxy. 

Concrete overlays date to the 1960s when chemical engineers from some of 

the larger, well known chemical companies began to experiment 

with acrylic paint resins as modifiers for cement and sand mixes. The result 
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was a thin cementitious topping material that would adhere to concrete 

surfaces and provide a newly resurfaced coating to restore the worn 

surface. Concrete overlays lacked the long-term 

performance [2] characteristics of acrylic resins. Acrylic resins provided 

good UV resistance, but lacked long term water resistance and adhesion 

characteristics needed to provide a long term and permanent solution. 

Polymer cement overlays, consisting of a proprietary blend of Portland 

cements, various aggregates and polymer resins, were introduced over 20 

years ago. The purpose of adding a polymer resin to the cement and 

aggregate is to greatly increase the performance characteristics and 

versatility of conventional cements, mortars and concrete materials. Unlike 

conventional cement and concrete mixes, polymer cement overlays can be 

applied thinly or thickly without fear of delamination or typical product 

failure. In addition, polymer cement overlays are much more resistant to 

damage from salt, petrochemicals, UV, harsh weather conditions and 

traffic wearing. 

Originally intended for use as a thin surface restoration material for 

concrete substrates, polymer cement overlays were introduced into the 

architectural concrete and commercial flooring industries in the early 80s. 

Subsequently, its use in these industries has become standard. Polymer 

cement overlays are regarded as economical in providing long term, 

durable renovation without the need for costly and continuous repairs 

associated with deteriorating concrete surfaces. 

Polymer cement overlays are used for interior and exterior applications 

ranging from: 

 Skim coat/broom finish concrete resurfacing – Restore and protect 

damaged, pitted, flaking and stained concrete back to the look of a new 

concrete surface. 
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 Concrete regrading & leveling – Repair and level concrete surfaces that 

have settled. 

 Existing substrate redecorating and renovating – Alter the appearance 

of existing concrete or wood substrates through applying "thin 

stamped" or "thin stained" overlays, creating new textures, colors and 

designs. For use on commercial or resident pool deck, this frequently 

takes the form of "splatter textures" or "knockdowns," in which polymer 

cement is applied to the existing concrete substrate in a moderately 

textured finish (average of 1/8” thickness) in various patterns. Often, 

the texture is knocked down with a trowel to slightly modify the 

appearance and feel of the finished application. 

Elastomer materials are those materials that are made of polymers that 
are joined by chemical bonds, acquiring a final slightly crosslinked 
structure. 

An elastomer we can assimilate to the following example, imagine that 
on a table we have a set of strings mixed, each of these strings it´s 
represent a polymer, we introduce a relatively small effort if we want to 
separate the strings each others, now began to make knots between each 
of the strings, we see that as more knots that we made more ordered and 
rigid becomes all the strings, the knots of the strings is representing the 
chemical bonds, with a certain degree knots, or chemical bonds, more 
strongly stress need to apply to the strings in order to separate them, 
also we can observed that when we stress the string the length and the 
size of the strings increase and when we left to apply the stress the 
strings return to the initial length. 

 

The main characteristic of elastomer materials is the high elongation and 
flexibility or elasticity of these materials, against its breaking or cracking. 
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Depending on the distribution and degree of the chemical bonds of the 
polymers, elastomeric materials can have properties or characteristics 
similar to thermosets or thermoplastics, so elastomeric materials can be 
classified into: 

 Thermoset Elastomers - are those elastomer materials which do not 
melt when heated. 

 Thermoplastic Elastomers - are those elastomers which melt when 
heated. 

Properties of elastomer materials: 

 Can not melt, before melting they pass into a gaseous state 

 Swell in the presence of certain solvents 

 Are generally insoluble. 

 Are flexible and elastic. 

 Lower creep resistance than the thermoplastic materials 

Examples and applications of elastomer plastic materials: 

 Natural rubber - material used in the manufacture of gaskets, shoe 
heels... 

 Polyurethanes - Polyurethanes are used in the textile industry for the 
manufacture of elastic clothing such as lycra, also used as foam, wheels, 
etc ... 

 Polybutadiene - elastomer material used on the wheels or tires of 
vehicles, given the extraordinary wear resistance. 

 Neoprene - Material used primarily in the manufacture of wetsuits is 
also used as wire insulation, industrial belts, etc ... 

 Silicone - Material used in a wide range of materials and areas due their 
excellent thermal and chemical resistance, silicones are used in the 
manufacture of pacifiers, medical prostheses, lubricants, mold, etc ... 

Examples of elastomers adhesives: 

 Polyurethane adhesive 2 components. 



 Polyurethane adhesive by curing 1 component moisture. 

 Adhesives based on silicones 

 Adhesives based on modified silane 

Now that you know the elastomers, did you know that all the tires of 
any vehicle are made with elastomer materials? 

Applications of Polymers 

Macromolecular science has had a major impact on the way we live. It is 
difficult to find an aspect of our lives that is not affected by polymers. Just 
50 years ago, materials we now take for granted were non-existent. With 
further advances in the understanding of polymers, and with new 
applications being researched, there is no reason to believe that the 
revolution will stop any time soon. 

This section presents some common applications of the polymer classes 
introduced in the section on Polymer Structure. These are by no means all 
of the applications, but a cross section of the ways polymers are used in 
industry. 

Elastomers 

 

Rubber is the most important of 
all elastomers. Natural rubber is a polymer 
whose repeating unit is isoprene. This 
material, obtained from the bark of the 
rubber tree, has been used by humans for 
many centuries. It was not until 1823, 
however, that rubber became the valuable 
material we know today. In that year, 
Charles Goodyear succeeded in 
"vulcanizing" natural rubber by heating it 
with sulfur. In this process, sulfur chain 
fragments attack the polymer chains and 
lead to cross-linking. The term vulcanization 
is often used now to describe the cross-
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linking of all elastomers. 

Much of the rubber used in the United States today is a synthetic variety 
called styrene-butadiene rubber (SBR). Initial attempts to produce synthetic 
rubber revolved around isoprene because of its presence in natural rubber. 
Researchers eventually found success using butadiene and styrene with 
sodium metal as the initiator. This rubber was called Buna-S -- "Bu" from 
butadiene, "na" from the symbol for sodium, and "S" from styrene. During 
World War II, hundreds of thousands of tons of synthetic rubber were 
produced in government controlled factories. After the war, private 
industry took over and changed the name to styrene-butadiene rubber. 
Today, the United States consumes on the order of a million tons of SBR 
each year. Natural and other synthetic rubber materials are quite 
important. 

Plastics 

Americans consume approximately 60 billion pounds of plastics each year. 
The two main types of plastics are thermoplastics and thermosets. 
Thermoplastics soften on heating and harden on cooling while thermosets, 
on heating, flow and cross-link to form rigid material which does not 
soften on future heating. Thermoplastics account for the majority of 
commercial usage. 

Among the most important and versatile of the hundreds of commercial 
plastics is polyethylene. Polyethylene is used in a wide variety of 
applications because, based on its structure, it can be produced in many 
different forms. The first type to be commercially exploited was called low 
density polyethylene (LDPE) or branched polyethylene. This polymer is 
characterized by a large degree of branching, forcing the molecules to be 
packed rather loosely forming a low density material. LDPE is soft and 
pliable and has applications ranging from plastic bags, containers, textiles, 
and electrical insulation, to coatings for packaging materials. 

Another form of polyethylene differing from LDPE only in structure is 
high density polyethylene (HDPE) or linear polyethylene. This form 
demonstrates little or no branching, enabling the molecules to be tightly 
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packed. HDPE is much more rigid than branched polyethylene and is used 
in applications where rigidity is important. Major uses of HDPE are plastic 
tubing, bottles, and bottle caps. 

Other forms of this material include high and ultra-high molecular weight 
polyethylenes. HMW and UHMW, as they are known. These are used in 
applications where extremely tough and resilient materials are needed. 

Fibers 

Fibers represent a very important application of polymeric materials, 
including many examples from the categories of plastics and elastomers. 

Natural fibers such as cotton, wool, and silk have been used by humans for 
many centuries. In 1885, artificial silk was patented and launched the 
modern fiber industry. Man-made fibers include materials such as nylon, 
polyester, rayon, and acrylic. The combination of strength, weight, and 
durability have made these materials very important in modern industry. 

Generally speaking, fibers are at least 100 times longer than they are wide. 
Typical natural and artificial fibers can have axial ratios (ratio of length to 
diameter) of 3000 or more. 

Synthetic polymers have been developed that posess desirable 
characteristics, such as a high softening point to allow for ironing, 
high tensile strength, adequate stiffness, and desirable fabric qualities. These 
polymers are then formed into fibers with various characteristics. 

Nylon (a generic term for polyamides) was developed in the 1930's and 
used for parachutes in World War II. This synthetic fiber, known for its 
strength, elasticity, toughness, and resistance to abrasion, has commercial 
applications including clothing and carpeting. Nylon has special properties 
which distinguish it from other materials. One such property is the 
elasticity. Nylon is very elastic, however after elastic limit has been 
exceeded the material will not return to its original shape. Like other 
synthetic fibers, Nylon has a large electrical resistance. This is the cause for 
the build-up of static charges in some articles of clothing and carpets. 
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From textiles to bullet-proof vests, fibers have become very important in 
modern life. As the technology of fiber processing expands, new 
generations of strong and light weight materials will be produced. 

Processing Polymers 

Once a polymer with the right properties is produced, it must be 
manipulated into some useful shape or object. Various methods are used in 
industry to do this.Injection molding and extrusion are widely used to 
process plastics while spinning is the process used to produce fibers. 

Injection Molding 

One of the most widely used forms of plastic processing is injection 
molding. Basically, a plastic is heated above its glass transition temperature 
(enough so that it will flow) and then is forced under high pressure to fill 
the contents of a mold. The molten plastic in usually "squeezed" into the 
mold by a ram or a reciprocating screw. The plastic is allowed to cool and 
is then removed from the mold in its final form. The advantage of injection 
molding is speed; this process can be performed many times each second. 

Extrusion 

Extrusion is similar to injection molding except that the plastic is forced 
through a die rather than into a mold. However, the disadvantage of 
extrusion is that the objects made must have the same cross-sectional 
shape. Plastic tubing and hose is produced in this manner. 

Spinning 

The process of producing fibers is called spinning. There are three main 
types of spinning: melt, dry, and wet. Melt spinning is used for polymers 
that can be melted easily. Dry spinning involves dissolving the polymer 
into a solution that can be evaporated. Wet spinning is used when the 
solvent cannot be evaporated and must be removed by chemical means. All 
types of spinning use the same principle, so it is convenient to just describe 
just one. In melt spinning, a mass of polymer is heated until it will flow. 
The molten polymer is pumped to the face of a metal disk containing many 



small holes, called the spinneret. Tiny streams of polymer that emerge from 
these holes (called filaments) are wound together as they solidify, forming 
a long fiber. Speeds of up to 2500 feet/minute can be employed in 
spinning. 

Following the spinning process, as noted in the section on Polymer 

Morphology, fibers are stretched substantially - from 3 to 8 or more times 

their original length to produce increased chain alignment and enhanced 

crystallinity in order to yield improved strength. 
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