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Thermal Analysis

When matter is he

d
changes include

ted, it undergoes ce
phase change

ystal structyre

flain physical and chemical changes. Physical

S such as melting, vaponzation, crystallization, transitions
S, Changes in microstructure in metal alloys and polymers,

Chemical oh _ Son and contraction). and changes in mechanical behavior,
Changes include reactions to form new products, oxidation, corrosion, decmnpo-

I:;:::O(:T?ddtl::;;nl ::cmi‘mf'l?li(m. and the like. These ph‘)-sical anq chemical c_hangct take
ture and the e ;‘cpi‘r‘;!ure range. T.he rates of chcmlf:al reactions vary with tempera-
alloys, desoad OF:‘C ll‘ll S 51 some Materials, such as scmlcr)'stfalhnc polymers and ml
range of { 3 € rate at w!'uch they arc-coolcd. !\fialenals.arc us_cd over a u:qe
' g _ef}’lpt-ratures, from Arctic cold to tropical heat, in corrosive environments, vari-
oin h.umldny s ad (stress). It is necessary to characterize materials and their
behavior over a range of temper:

_ terials are suitable for specific
U§CS and to determine what temperature range materials or chemicals can withstand
without changing. This <

ort of information is used to predict safe operating conditions
for products, such as which type of tire material is best for vehicles i
Or extremely hot climate

s, the average expected lifetime of materials such as paints and
polymers exposed to temperature changes, processing conditions for materials, and the
curing times and temperatures for dental filling material, among other uses.

The physical ch

anges and chemical reactions a sample undergoes when heated are
characteristic of the material being examined and the atmosphere in which the '
occurs. By measuring

the temperature at which such reactions occur and the heat involved
in the reaction, we can determine a great deal about the mdterial. Composition of pure com-
pounds and mixtures, including polymer blends. can be determined. The purity of pharma-
ceutical compounds can be determined. Rate of reaction, rate of crystallization. glass

transition temperatures, decomposition temperatures, and catalysis can be studied. The effec-
tiveness of additives and stabilizers in materials can be evaluated. Enthalpy changes (AH) of
reactions can be measured. Percent crystallinity of polymers, which greatly affects the mech-
anical properties of polymers, can be determined. By heating materials under load (stress).
mechanical properties such as modulus, ductility, yield point (the point at which -
nent elastic deformation changes to permanent plastic deformation). and volume change asa
function of the load can be measured. These parameters are very important in engineering
design to ensure safe and functional products. : ‘ i
The analytical techniques used to study chunges.m physical pmpemc:s W u.h lcm-
ture are called thermal analysis techniques. They include ‘lhcm\ogra\'lmemc analysis
{TGA), differential thermal analysis (DTA), diﬁ"crenljal scanning c:n-lonmcu'y !DS(;);lﬂlﬂi';
mometric titration (TT), and direct injection enthalpimetry, dynafmc mu?hnmcal ys
(DM : i | analysis techniques are used in
(DMA), and thermomechanical analysis (TMA). Thermal analy
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The Tollowing duta wers
NE data we, Oblainey from gy, I'GA

Original we e !
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cight of “iNple afier heating o 500 ¢ 10 "K““:: E
Loss N weighy ‘ g l”.‘”m;’ t
|

14 f»ll‘f.,:'
But we by

rl]l'l'_|.|' (
oy *fl’j ( 2

Wlculated thy Mg(C00),.21.0 lose

there . $ 73% of its mass u yon heatine
ther f"l'l Lhe weipht of \'1;"’(‘f}{“ I B

2H30 in the original sample was

mg MgCoo H0 = (14 60 mg log) 100 mg Mgico0), 2H,0

- 20mg
13 mg lost
Ihen thy

oncentratie [ Morc . ;
Hon of Mg(( 00). 2H,0 in the onginal sample was:

“Mg(COO) Mg Mg(CO0), 2H0

2H;0 = 100
total sample welght in mg
%Mg(( . 20 mg
BOCO0)) 2H-O — - 100 80%
<3.00 mg
hiss e il TaTe
Fhus th Other 20% of the larting mixture is MgO
L ey & - ol
Yimilarly, we can determine the magnesium oxalate content and the calcium oxalate
content in 4 mixy ire of the two compounds. The TGA curve of the mixture is shown in
Fig. 16.8 We have alre ady seen in Fig. 166 that calcium carbonate decomposes to
Calcium oxjde above 600°'C. we Can deduce from the thermal curve for magnesium
Oxalate that magnesii

um carbonate is not stable because the oxalate L];L'lllnpll\':\ dirccll_\'
lemperatures above SO0 ¢ . but below 600 C we should have a mixture
of MgO and CaC0) Above 850°C the CaCO; will have decomposed to Ca0. so the

o M ). So at

TGA of mixed Ca and Mg oxalates

MgCi0¢ 2H,0 + CaC,0, H.0

120.00
100.00 | N\ H:0 1
?:1 80.00 .' MeC;0, *\;s( 20, P
= 60.00 { |
38 o ;[I \lg();_(;(—;)j\-(;oi _T_Hg% i) |

MgO + Ca0O
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Figure 16.8 TGA thermal curve of a mixture of calcium oxalate monochydrate and magnesium I
Oxalate dihydrate. The last w eight loss is due to the loss of CO; only from calcium oxalate mono-

hydrate. Therefore, the composition of the mixture can be determined, even though the other

steps have combined mass losses from both compounds.
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Figure 16.12 (a) TGA (solid line) and DTG (dotted line) thermal curves of a
silicate. The TGA mass loss from 50-150"C suggests loss of water in more than ¢ fo b
the change in slope seen during the step. The first derivative DTG plot clearly st '
mass losses due to water bound in different forms. (Counesy of PerkinElmer, | Sh {
www.perkinelmer.com.) (b) Partial TGA (bottom curve) and DTG (k& irve) thermal
mixture of hydrated barium. strontium, and calcium oxalates. L. Erdey et al 1961 ¥
489-493.) showed that the three hydrated oxalates lost water at thy fleren et T
TGA seems to show only one step, but the DTG clearly shows the three separate loss = fion
each salt.
of the acidic sites can be estimated by chemisorption of a basic comg d | as
As seen in Fig. 1615, the

ammonia, and then studying the desorption by TGA DTG

i e TwO J\_"'.‘\

weight change is small, about 1% total spread over two broad steps, bu
are clearly evident from the DTG plot

The decomposition of polyvinyl chloride polymer (PVC) also demonstrates the
power of the DTG plot. The TGA curve (solid line in Fig. 16.14) scems 1o show two
weight loss events, but the DTG plot (dotted line in Fig. 16.14) clearly shows three
steps. The loss at 280°C is due to volatilatization ol HCIL, while the mass losses at
320°C and 460°C are due to loss of hydrocarbons. We will leam how we Know this

later in the chapter.
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changes in convection on hr'-allnp und other complex

factors, has been 16 a lurge extent
elirmuinated in modern TGA mstruments, The buoy

ancy effect can be evaluated and com.
pensated for by running a blank (empty sample container) under the same conditions of
heating and gas flow used for the sumples, Errors can arise due to turbulence l.'-'.ll.l';t'.l] by
the gas flow and due to convecton on heating, Gas flow rates and heating rates should
be kept as low as possible to minimize these eflects.,

Placement of the thermocouple is crncal to accurate lemperature measurement

he sample itself would give the most accurate

reading of the sample lemperature. However, there are problems associated with putting

the thermocouple into the sample. These include reaction with the sample, reproducible

sample packing, sample mass, and thermal conductivity, among others. Modern insiru-
ments generally have the thermocouple in contact with the sample pan or close o the
sample pan., The sample temperature is generally lower than the recorded temperature
due 1o several factors including the finite heating rate, thermal conductivity of both the
sample itself and the sample container, the gas flow rate and similar factors. There is
also the heat of reaction 1o take into account,
cooling of a sample and therefore an eve
would otherwise occur, while an exothen
temperature,

Ideally, having the thermocouple in

An endothermic reaction will cause seif-
n greater lag in the sample lemperature than
nic reaction will decrease the lag in sample

16.2. DIFFERENTIAL THERMAL ANALYSIS

Differential thermal analysis (DTA) is a technigue in which the difference in temperature,
A7, between the sample and an inert reference material is measured as a function of temp-
erature. Both sample and reference material must be heated under carefully controlled
conditions, If the sample undergoes a physical change or a chemical reaction, its tempera-
ture will change while the temperature of the reference material remains the same. That is
because physical changes in a material such as phase changes and chemical reactions
usually involve changes in enthalpy, the heat content of the material. Some changes
result in heat being absorbed by the sample. These types of changes are called endother-
mic. Examples of endothermic changes include phase changes such as melting (fusion .
vaporization, sublimation, and some transitions between two different crystal structures
for a material. Chemical reactions can be endothermic, including dehydration. decompo-
sition, oxidation—reduction, and solid—state reactions. Other changes result in heat being
given off by the sample. Such changes are termed exothermic. Exothermic changes
include phase changes such as freezing (crystallization). some transitions between differ-
ent crystal structures and chemical reactions: decomposition, oxidation—reduction, and
chemisorption can be exothermic. There are also physical changes that are not simple
phase changes that still cause the sample temperature to change. Examples of such phys-
ical changes include adsorption and desorption of gases from surfaces and glass tran-
sitions inhamorphuus glasses and some polymers. The glass transition is a ch;u};:c in an
amorphous material from a brittle. vitreous state to a plastic state. Glass transitions are
second order phase transitions. \
DTA and the related technique of DSC to be discussed later in the chapter are capable
of measuring many types of physical and chemical changes that result in enthalpy ch;zngg‘!:-
It is not necessary that the sample's weight change in order to produce a DTA response.
However, if a weight change does take place, as occurs on loss of water, the eqlhalp)' ol
the sample invariably changes, and a DTA response will be obser\'ed.. Sp DT:‘\ .Is ups::E:
of measuring the same changes measured by TGA, plus many additional changes
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Figure 16.15 Hypothetical DTA thermal curve for a

cross-link. The plot shows the baseline shift that o

exothermic peaks for crystallization and Cross linking (or cunng), an
and an endothermic [‘i_'.'l for melting ol the ]‘-‘]_\Il\i.'f. A \!l'llll;ﬂ'

for oxidative decomposition,
thermal plot would be obtained by DSC analysis. (Courtesy of TA Instruments, New Castle,

DE. www . tainst.com.)

TGA cannot measure because no mass change occurs. A DTA plot or thermal curve has AT
as shown schematically in Fig. 16.15. The x-axis

on the y-axis and T (or time) on the x-axis,
temperature can be the temperature of the heating block, the temperature of the sample or the
or it can be time. By convention, exothermic changes are

elierence,
jothermic changes are plotted as nega

temperature of the r
plotted as positive, and the peaks point up, while en

tive, and the peaks point down. (The same convention may be used for DSC: however, some
instrument software uses the opposite convention. We will see examples of both conven-
. 16,15, do not result in a

tions.) Some changes, such as the glass transition shown in Fig
in the baseline. The reason will be discussed later in the chapter.

peak. but only a step change

16.2:.1. DTA Instrumentation
atically in Fig. 16.16. The sample is

The equipment used in DTA studies is shown schem:
ample well (marked S). A reference

loaded into a crucible, which is then inserted into the s
similar quantity of inert material (such as Al,O3) in a second

sample is made by placing a

crucible. This crucible is inserted in the reference well, marked R. The dimensions of the
two crucibles and of the cell wells are as nearly identical as possible: furthermore, the
weights of the sample and the reference should be virtually equal. The sample and refer-
ence should be matched thermally and arranged sy mmetrically with the furnace so that
they are both heated or cooled in an identical manner. The metal block surrounding the
wells acts as a heat sink. The temperature of the heat sink is slowly increased using an
internal heater. The sink in turn simultaneously heats the sample and reference material.
A pair of matched thermocouples is used. One pair is in contact with the sample or the
sample container (as shown); the other pair is in contact with the reference. The
output of the differential thermocouple, T, — T; or AT, is amplified and sent to the data
acquisition system. This allows the difference in temperature between the sample and
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3 . Schematic & 2 : -
PCrklnclnwl’-Com_) 4i¢ DTA instrument. (C ourtesy of PerkinElmer, Inc. Shelion, CT, www

the refe "
tcr‘;l;:é:-t;i:;i::olil:)::erelcfolrsxei ol r“"f‘{l_ifln of gilhr:r the sample lemperature. the reference
though the Wy lc]-ﬂ ’ .L )n no difference in lcm_pcralu.rc. no signal is ggncmled. ?\.en
€mperatures for DTT ratures of the sample and reference are both increasing. Operating
SM0UEh one o o '"f“’umﬁms are generally room temperature 1o about Eﬁuu c.
‘_:400 g Tnm. : mangfuciurcr makes a DTA capable of operating from —150°C to
=74 L. loreach the very low subambient temperatures, a liquid nitrogen cooling acces- .
"0y 1S needed. Some low temperatures (but not — 150°C) may be reached with electrical
cooling devices or with forced air-cooling. i

When a physical change takes place in the sample, heat is absorbed or generated. For
example, when a metal carbonate decomposes, CO- is evolved, This is an endothermic
reaction; heat is absorbed and the sample temperature decreases. The sample is now at
a lower temperature than the reference. The temperature difference between the sample

and reference generates a net signal, which is recorded. A typical example of a DTA
thermal curve is shown in Fig. 16.15. If, in the course of heating, the sample undergoes ,

a phase transition or a reaction that results in the generation of heat, that is, an exothermic
reaction, the sample becomes hotter than the reference material. In this case. the sample

heats up to a temperature higher than that of the reference material until the reaction is
completed. The sample then cools down or the temperature of the reference cell catches

up until its temperature and that of the heat cell once again become equal. Such an ‘
effect is shown on the thermal curve as a peak that moves in a positive (upward) direction

rather than in the negative direction, which allows us to distinguish between exothermic

and endothermic reactions. The DTA experiment is performed under conditions of con-

stant pressure (usually atmospheric pressure). Under constant pressure, the change in

heat content of a sample (the change in enthalpy) is equal to the heat of reaction. AH.

Any chemical or physical change that results in a change in AH gives a peak in the
DTA thermal curve. There are some types of changes that do not result in a peak in the
thermal curve but only a change in the baseline, as shown schematically in Fig. 16.15.
These types of changes do not undergo a change in AH, but a change in their heat capacity.

C,. Heat capacity is sometimes referred to as specific heat, and is the amount of heat
required to raise the temperature of a given amount of material by 1 K. If the amount
of material is specified to be 1 mole, the heat capacity is therefore the molar heat capacity,
with units of J/mol K. The most common process that gives rise to a change in biseline
but not a peak in the DTA is a “glass transition™ in materials such as polymers or glasses.

The glass transition is discussed briefly under applications of DTA. :
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16.3.1, DSc lnstrumentation

I [[= l) ;t 2as I'E res |?
. <L Mea Ur(.‘”]e”! - 1
guires « . >y . g [ Irénce b ‘-
5a T]]!It. .'.I“{l r(‘r‘l"l‘.n I Ires a sam It, and d |L'Ic nce, at e I) J\‘ ‘\“)il : l S ,

not have Jids, S:un;]'; I:]T: i‘-l\rt"'?mlu'll aI“d usually lﬂ:]‘dc of aluminum. Thc}.'. may or may
but an inert reference hl-’i-TL“ri'JL:::-rldl.I) l 10 mg. Often the reference pan is Hl. cmpi)-':
€quipment can Operate at tc11;pérutllzg-l:“ ;s used in [)TA may hc:: ux;_:d. (_nn?:'nf:r.cliﬁ DSC
Ments capable of maximum tem ‘w:'lhl ;?-m ; Hﬁl.] i hpecwhfﬁd,m“r;-
heated and cooled i a controlled 11{1“J ‘ El t-_-; 0’ | IFJ(}IU Bl Thf: DSC n.\uat be able At.n e
range, a special liquid nitrogen cooli 'LTILF 0_ d::hfgxe the very low end nf'ih.e tem_p‘gr.flure
electrical B o I_Drcu.]. airu‘(; ';’jc:k_‘—‘--"-"‘jl." 18 needed; f?)rﬂn‘lher cooling dpp]u.al;ng:
Sk antomasic }ntel]iuem i LIUL\ Ilﬂ? ]:)l-].\Ld: .\‘Tﬂd'el'l.‘l DSC m&-{rumcms‘ u‘re Id..v\--ll ? 'C
many as 50 sample 18 " [?e C mn'e-us lf‘l.i‘l permit the unattended analysis of as
J - PIES Or more in any order specified by the analyst.
There are two main types of DSC instrumentation, heat flux DSC and power com-
pensated DSC. A schematic of a commercial heat flux DSC is presented in Fig. 16.19. In a
heat flux instrument, the same furnace heats both the sample and the reference. In heat flux
DSC, the temperature is changed in a linear manner while the differential heat flow into the
sample and reference is measured. The sample and reference pans sit on the heated ther-
moelectric disk, made of a Cu/Ni alloy (constantan). The differential heat flow to the
sample and reference is monitored by area thermocouples attached to the bottom of the
sample and reference positions on the thermoelectric disk. The differential heat flow
into the pans is directly proportional to the difference in the thermocouple signals. The
sample temperature is measured by the alumel /chromel thermocouple under the sample
position. This temperature is an estimated sample temperature because the thermocouple
is not inserted into the sample itself. The accuracy of this temperature will depend on the
thermal conductivity of the sample and its container, the heating rate, and other factors. As
shown in Fig. 16.19, the sample and reference pans both have lids and the reference pan is
an empty pan. A schematic of a power compensated DSC is presented in Fig. 16.20. The
major difference in power compensated DSC instruments is that two separate heating
elements are used for the sample (marked P in Fig. 16.20) and the reference. A change
in temperature between the sample and the reference serves as the signal to “turn on”
one of the heaters so that the sample and the reference stay at the same temperature.
When a phase change, reaction, glass transition, or similar event occurs in the sample,
the sample and reference temperatures become different. This causes extra power to be
directed to the cell at the lower temperature in order to heat it. In this manner, the temp-
eratures of the reference and sample cells are kept virtually equal (AT = 0) throughout the
experiment. The power and temperature are measured accurat_cly and m-minuously, The
temperatures of the sample and reference are measured using Pt resistance sensors,

shown in Fig. 16.20. The difference in power input is plotted vs. the average temperature
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Figure 16.19 Schematic of a heat-flux DSC. (Courtesy of TA Instruments. New Castle. DE.

WWwW. tainst.com. )

of the sample and reference. Power compensation provides high calorimetric accuracy.
high precision. and high sensitivity. This permits analysis of very small samples as demon-
strated in Fig. 16.21. showing the determination of the heat of fusion of a 6 pg sample of
indium metal. Note that this figure is plotted opposite to the convention normally used for
endothermic peaks. :

The DSC peak area must be calibrated for enthalpy measurements. The same types
of high purity metals and salts from NIST discussed for calibration of DTA equipment are
also used to calibrate DSC instruments. As an example, NIST SRM 2232 is a | g piece
of high purity indium metal for calibration of DSC and DTA equipment. The indium
' SRM is certified to have a temperature of fusion equal to 156.5985°C + 0.00034 C :{.nd
| a certified enthalpy of fusion equal to 28.51 £ 0.19] /g. NIST offers a range of s'mulhar

standards. These materials and their certified values can be found on the NIST \\'-ebs:.uc
at www.nist.gov. Government standards organizations in other countries offer similar

reference matenals.
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