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by Differential Thermal Analysis

Study of Theory and Operating Parameters

D. J. DAVID

Mobay Chemical Co., New Martinsville, W. Va.

» Utilization of differential thermal
analysis under nearly equilibrium con-
ditions permits the determination of
heat of fusion and specific heat on a
variety of inorganic and organic com-
pounds from a single calibration of an
easily handled wmaterial like tin,
Variables such as sample size, heating
rate, and sample state were studied
for their effect upon the heat of fusion.
These variables did not exhibit effects

vpon the results within the limits of .

error of the determination. The theory
and equations underlying the specific
heat determination are discussed and
a practical method is presented which
is applicable to o wide range of
materials. The standard deviation at
the 95%, confidence level for the heat
of fusion and specific heat was found
to be 1.5 cal./gram and 0.02 cal./
gram/°C., respectively.

IFFERENTIAL THERMAL ANALYSIS
has been applied previously to a
variety of both inorganic and organic
materials, These applications were
initially concerned with minerals and
soils (8, 23), and subsequently with pure
inorganic compounds (7, 15, 21). More
recently, less well defined organic
materials and compounds have been
studied. The investigators have re-
ported both qualitative and quantitative
results (1, 2, 6, 11, 17, 22, 30, 81).
As a result of the gradual develop-
ment of a variety of differential thermal
analyzers, a re-evaluation of qualitative
and quantitative variables has resulted
in some duplication of effort (27).
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The variation of peak temperature
has been reported to be dependent upon

-sample size, size of the ecylindrical

holder, and heating rate (12, 24, 28).

The effects of diluent techniques have
been covered in various papers. Particle
size and packing were found to be
important factors that affected the
thermograms obtained (19). In addi-
tion, the formation of complexes with
the inert diluent has also been reported
(4, 18).

However, with the development of
more sophisticated and sensitive instru-
mentation, the effect of sample size,
diluent, size of sample holder, heating
rate, and difference in heat capacities
between reference and  sample, and
other parameters can  be  better
evaluated.

Base line deviation, especially at the
beginning of a run, is a common oc-
currence in differential thermal analysis.
This is due to an imbalance in heat
capacities between the sample and ref-
erence thermocouples and is affected
by symmetry, sample loading, inert
loading, and packing (3).

Many of the detrimental and non-
uniform parameters that accompany
the great variety of techniques common
to each specific analyzer, may be turned
to advantage when the proper tech-
nique is employed as in the present
application.

The aspects of differential scanning
calorimetry (DSC) and applications to
quantitative measurements of transition
energies have been reported recently by
Watson, et al. and O’Neill (20, 29).

DSC measures the transition energy
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Determination of Specific Heat and Heat of Fusion

direct'y (29) while conventional DTA
measures AT vs. sample temperature.
Thus, DTA must be calibrated before it
can be utilized for quantitative transi-
tion energy measurements.

The present paper will show that
when DTA is carried out under nearly
equilibrium conditions, a single calibra-
tion can be performed which is applicable
to the determination of the specific
heat and heat of fusion of both organic
and inorganic compounds.

THEORY

The major factors affecting base line
deviation (equilibrium conditions) are
mismatched heat capacities, improper
heat transfer, symmetry, packing,
particle size (sample and diluent),
dilution effects, inertness of diluent,
and sample concentration.

When a sensitive system is employed
in which the sample size is small (1 to 10
mg.), the sample does not have to be
diluted, and the system contains fixed
thermocouples allowing reproducible
results; the disadvantage of base line
deviation can be an asset by allowing
the determination of the specific heat, of
the sample.

Assuming the above conditions exist,
the deviation in base line would be
greater for those materials with a high
specific heat value. To obtain a mathe-
matical expression for C, we must
consider two factors: the effects of the
system upon the differential thermo-
couple; and the effects of the system plus
sample upon the differential thermo-
couple.




In considering heat effects upon the
differential couple, the equations of heat
balance employed by Borchardt and
Daniels are used ().

CpdTy = dIl + K.(Ts — To)dt (1)
CppdTy = K (Ty — T)dl (2)

Ty, Ty, and Ty are temperatures of the
reference thermocouple, sample thermo-
couple, and air bath (furnace thermo-
couple), respectively (see igure 1).
C,.. is the total heat eapacity of the
reference thermocouple (ineluding eup)
and €., is the total heatl eapacity of the
measuring thermocouple including eup.
The absolute values which will be ob-
tained are dependent upon the effects of
thermocouple symmetry, size, and shape
of sample containers and furnace, when
these variables ean be reduced to con-
stants as in o fixed system,

Iiquation 1 shows that any increase
in enthalpy of the sample side of the
differentinl thermocouple is due to the
total enthalpie effeets of sample plus
the heat transferred to the thermocouplo
by the surroundings,  Fauation 2 de-
seribes the enthalpie effeets on the ref-
erence side exeepl that the dIf term is
necessarily not present. K, is the heat
transfer  coeflicient  for  the  sample
(measuring) thermocoup'e and K, is the
heat transfer coeflicient, for the reference
side.

The assumptions governing  the
validity of these equations to the
present  system are:- the differential
thermocouples are fixed; a small sample
size is employed; the sample does not
have to be diluted; the sample holder is
capable  of maintaining  even  heat
‘distribution  consistent.  with  the
demands  of the temperature pro-
grammer; and linear heating rates from
one run to the next can be realized.

There are two situations which we
must consider—the absence of a sample
and the presence of a sample.  Let us
consider the first case where a sample is
not present in the conta‘ner. In this
instance there can be no heat evolution
or absorption except that due to slightly
different. heat capacities of the thermo-
couples and empty containers caused by
symmetry and size considerations.

Then, any change in base line from
the horizontal due to differences in heat
capacity may be expressed as:

Cp,ldT2 = Cp.rdTl =
K,(Ty — Ty)dt —
K, (Ty — Tydt  (3)

where C,.dT: — C,.dT\ = CdT
and C, = heat capacity of the system.
K, and K,, the heat transfer coefficients
from T; to T; and T to Ty, should be
equal even under dynamic conditions
providing linear reproducible program-
ming rates exist, thermal gradients with-
in the holder are absent, and the total
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Sample holder

Figure 1.

Ty == Roference temperature
T, = Sample temperature
T; = Air bath temperature

heat capacity of the air bath is more
than suflicient to provide the thermal
energy required {o  maintain  nearly

cquilibrium  conditions  within  the
system,
Rearranging quation 3 gives
CodT = K(T) = To)dl (4)

where K o= K, = K, # 0

This s true providing the previous
assumptions are true and K, and K, are
temperature  independent  over  the
temperature range of interest (d7).
This is indeed true as will be shown
later,

Thus Ilquation 4 becomes

Cn(wlw aimple) =

K(T, = T

cal./°C. " (5)

dT
where

K = heat transfer coefli-
cient of system in
cal./mm.2,

(o = heat capacity of sys-
tem in cal./°C.

ar = temperature range of
interest

(Ty — Ty)dt = ATdt; and over a

time interval, say
L,

area encompassed by
base line curve and
constructed  hori-
zontally, measured
over temperature
range of interest.

The K value does not incorporate a
time-temperature function since the
chart speed of the recorder and the re-
sponse of the DC amplifier and recorder
were considered fixed.

We now consider the second case
where o sample has been placed in the
proper container and the enthalpic
effects will be registered on T, which is
one side of the differential couple.

We now choose a time (temperature)
interval where dH = 0—i.e., the heat of
transformation is 0 because the sample
is not undergoing a chemical or physical
transformation. Thus, the equation

to
f ATdt
¢

R —— e

deseribing the heat capacity due to the
presence of a sample is identical to
Equation 5. By evaluating Fquation
5 without sample and subsequently with
sample and subtracting, the heat capa-
city of the sample is

cv = Cpwio
(System effects) — (System -+
sample cffects)  (6)

')—Cv(/ ple) =

_ KaTu KAT
dT (w/o snmplo) dT (w/sample)
K
- ;iT (AT(u)nmn due to anmple (7)

But there are thermal effects within
the sample.  Through the sample itself
o thermal lag oceurs and the rate at
which heat is received by the measuring
side of the differentinl couple becomes
highly dependent. upon sample size,
heating rate, and the thermal diffusivity
(@) of the sample,  T'he lng experienced
in precisely why the speeifie heat ean he
mensured sinee it is charneleristic of
ench materinl,

Therefore, we must take into account,
thermal effeets within the sample and
consider the diffusion effects by means
of the following equation (10, 16, 32).

dT k dT

il ®
where
Z—Z—v = change of temperature of

sample with respect to time

k= thermal conductivity of sam-
ple

p = density of sample

specific heat of sample

Q
=
I

rate of change of the tempera-

ture through the sample

The average heat capacity of the
sample can now be defined by solving for
C, in Equation 8 and adding to Equa-
tion 7.

= dt k (d*T\ dt
Cp = KATﬁ,'f‘;(E,)ﬁ, (9)

(sample effects) -+ (sample
thermal diffusivity effects)

k. amr K
(" ATk F)AT‘” T

(10)

Allowing for sample size Equation 10
becomes

- K'K(AT dt)nren due to sample

pgdT (an

Cs

which describes the average specific
heat of the sample.
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Where

k 4T .
K' = (p -+ m a:\j‘z> = 1.68 (CX')C"‘
mentally determined)

g = sample size in grams
C, = average specific heat of sample
in cal./gram/°C.

The other terms in Iiquation 11
have been defined previously. The
term k/pC, in Equation 8 is a which
is & measure of the thermal inertia
or diffusivity of the sample. Although
the individual terms in Equation 10
comprising K’ cannot be evaluated, K’
itself can be.

All determinations of specific heat
should be performed using the same
heating rate—that is, the rate at which
heat is received by the differential
couple is a constant. In cases where
dIl 0, the total heat of transformation
(solving for dIT) is the area generated
by the transformation (cal./gram) plus
the heat due to the change in specific
heat of the sample.
of the sample is generally not included
because of suitable base line construe-
tion.

EXPERIMENTAL

Apparatus. The apparatus consists
of a controlled pressure and controlled
atmosphere differential thermal an-
alyzer Model 12BC2, recorder-con-
troller assembly Model JAC, and
furnace platform assembly Model GS-2
manufactured by the Robert L. Stone
Co.  This instrumentation has been
described by Stone (25, 26).

The apparatus is equipped with an
L & N Speedomax G dual pen recorder
and two ARA Model 4A-DC amplifiers.
The highest sensitivity of the amplifiers
is 0.5 pvolt/inch. Normal operating
sensitivity is from 1 puvolt to 50
uvolt/inch depending upon the type
of sample and the purpose of t{:e
analysis.

The sample holder and recorder
system permit the recording of two
thermograms simultancously. The re-
corder is linear in time only and has a
chart speed of 0.1 inch/minute. A
separate recorder in conjunction with an
L & N Series 60 linear temperature
recorder-programmer is an integral part
of the instrument.

The sample holder assembly, Model
SH-M4CL, consists of two separate
Chromel-Alumel differential thermo-
couples and a Chromel-Alumel furnace
couple which is utilized for programming
as well as recording the temperature of
the furnace. A quick cool furnace,
Model I-1-F, which is positioned over
the sample holder by two guide pins
was utilized throughout the experiments.

The diﬁ'erentiallz couples are circular
in shape and hold aluminum pans in
which the samples are placed (see
Figure 1). For demonstration pur-
poses, only one of the differential
couples has been shown. A top which

fits over the Inconel sample holder,
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The specific heat’

in Figure 1 is not shown. In addition,
a furnace cover was placed over the
furnace to render the system insensitive
to room air currents,

Thermocouple and Sample Param-
eters. Since the thermocouples are
relatively fixed in this type of sample
holder, once the system has been
balanced to provide an aceeptable
base line, thermal asymmetry will not
be an important factor because the
base line will remain reproducible.

The initial base line may be adjusted
by deercasing or enlarging the size
of the loop as well as by movement in a
horizontal or vertical direction. A
base line is then run using semispherical
aluminum pans which vary in weight
from 1.75 to 1.80 mg.  lvaluation of
this base line permits subsequent ad-
justment of the differential couples to
provide a more horizontal base line.

The sample size required in this type
of system is generally from 0.1 to
10.0 mg. depending upon whether or
not the thermograms are to be used for
qualitative or quantitative purposes.
Obviously, the nature of the transition
is an important factor sinee first order
transitions will vequire generally  less
sample and o lower sensitivity than the
determination ol sccond order  transi-
tions.

A decided advantage of this technique
is that the sample pans may be dis-
carded after cach run and replaced with
new ones. Also, when polymers are
run the carbonization of these materials
does not contaminate the thermo-
couples since the sample is not in
actual physical contact with the thermo-
couples.  This system provides excel-
lent base line stability from one run to
the next.

Calibration. ‘I'he calibrations were
performed utilizing a  lincar pro-
gramming rate of 10° C./minute and
helium as the dynamic gas to prevent
any oxidative effects.  The instru-
ment was calibrated, and the K values
were determined by utilizing the heat
of fusion of tin, 14.0 cal./gram (9).
The material under study was placed
in the sample container and no reference
material was used. K was determined
for each differential thermocouple by
means of the following equations which
describe the response of the system.

Aren

Arca of sample transition X range setting of interest (uvolt)

.
| = |
T
1°C.
2- i
EXO
l 3_@5"1/
ENDO

Figure 2. Thermograms showing areas
used for C, determinations

(Sensitivity, 50 uvolt/inch)

1. Thermogrom of base line with empty pans
2. Thermogram of 7.55 mg. of dicyandiamide
3. Thermogram of 10.0 mg. of tin

4, Thermogram of 7.66 mg. of benzoic acid

Determination of Specific Heat.
To test the validity of the preceding
cquations governing specific heat, a
base line, in duplicate, was run with
empty sample pans.  The area (b)
encompassed between the base line
and a line extended horizontally from
ambient to the desired upper tempera-
ture was measured. (See Figure 2.)

The (a) area, as shown in Figure 2,
was measured on a series of samples to
the desired upper temperature.  When
a transition occurred below 100° C.,
only the area below this transition was
usable and the same area measurement
to this transition temperature must be
carried out on a blank run.

Those areas above the constructed
horizontal were considered positive and
those arcas below it negative. All
measured areas due to sample effects
were subtracted from the area of the
blank base line. This arca was then
treated according to ILquation 11.

gram

Al of standard (cal./gram)

, Area/gram
Cal. Cal.
Ares  muid T 48

Sample wt. (grams)

(12)

F'rom an initial run of benzoic acid, the
net correction resulted in a multiplica-
tion factor of 1.68 (K’). The equation
utilized for all subsequent specific
heat determinations reduced to,

5 KX (Area under base line w/o sample — area under base line w/sample) X 1.68

Cs

The K values determined were 2.80
X 105 cal./mm.? for differential couple
1 and 2.65 X 10-% cal./mm.? for dif-
ferential couple 2.  Various range
settings of the d.c. amplifiers provided
idcéltligal K values from Equations 12
and 13.

g X pXdT

(14)

The terms in Equation 14 have been
defined previously.

The specific heat of a series of samples
was determined. These results are
shown in Table I.

Determination of Heat of Fusion.
The variation of heating rate, sample

.




Table I Resvlts of Determination of Specific Heat 2
Cal. 15°/gram/°C. &

Cal. 15°/gram/°C.
Sample (', determined Cp, known®
p-Dinitrobenzene® 0.25 0.259 at 119° C.
p-Dinitrobenzene® 0.23 0.259 at 119° C.
2,4-Dinitrotoluene 0.34 0.350 at 100° C.
2,4-Dinitrotoluene® 0.35 0.350 at 100° C.
Silver nitrate 0.05 0.146 at 50° C.
Silver nitrate 0.09 0.146 at 50° C.
Benzoice acid 0.29 0.287 at 20° C.
Benzoie acid 0,22 0.287 at 20° C.
T'in 0.04 0.054 at 20° C.
Tin 0.04 0.054 at 20° C.
Oxalic aeid 0,39 0.338 at —200° to +50° C.
Nickelous nitrate 0.47 0.473 at 80° C.
Dicyandinmide 0.40 0.456 at 0° to 204° C.
anphl.hnlums 0.40 0.402 at 87.5° C.
Polyethylene 0.56 0.55
Polystyrene 0.36 0.32-0.35
o All known (', values were obtained from References 9, 13, and 14.
b Isastman White Label, all other reagents are c.r. grade or better. Polyethylene and
polystyrene were received through courtesy of Monsanto Chemical Co.
: Table Il. Parameters Studied and Results of AH; Determinations
Figure 3. Thermogram of naphthalene ;
showing areas used for AH, and °Cnl. - i
AH, and C, determinations ; 16/ eemist O ue i
0 » Sample dc_tcr(i li: /gram :
Hivit Wi . size, p mine nown? i
‘ﬁ’"?m'" "r;::: ,';v:,'/b'::',’ fins with amply pois Sample mg. Heating rate Sample state A Hy Ay 5
2. Thermogram of 8.34 mg. of naphthalene Tin 10.16 10° C./min. Normal 13.8 14.0
Tin 10.70 10° C./min, Flattened 14.2 14.0
Areas: sheet
b — (—a) = Area due to C), Benzoice acid 4.80 10° C./min. TFused 34.0 33.0
¢ = Area due to AH; Benzoie neid 6.16 10° C./min. Normal 3.1 33.9
d = Area due to AH, Benzoie neid 5.73 10° C./min. Normal 33.0 33.0
Tin 2.45 10° C./min. Normal 13.6 14.0
Indium 2.42 10° C./min, Normal 0.9 6.8
SAil:v;-.r nil,rulq-I 10,00 10° (C.;min. Igorllm: ‘lnl';g %Z
170 s v N v WL o 2,4-Dinitrotoluene 5.0 10° C,/min, orma 28, 20,
a0, and lunp‘l( .hup(‘ s Benlligir Naphthalene .34 10° C./min. Normal 36.0 36.6
sinee these factors have been known B i Ji sy °o Crmi 1 339 330
to have o major effcet upon the results i Lou g S Lo LA o' 26,
: : 2,4-Dinitrotoluene” 8.80 4° C./min. Normal 27.9 26.4
obtained (3, 12, 25). Tin 5.31 4° C./min.  Normal 13.3 14.0

The heats of fusion were determined
on a series of compounds at a program
rate of 10° C./minute. The heats of
fusion of several compounds were then
determined at a program rate of 4° C./
minute. This rate was thought to be
significantly different from the original
to provide a basis for determining any
effect upon area.

The sample size was varied from 2.0
to 11.0 mg. in order to determine this
effect upon heat of fusion. Benzoic
acid was utilized for this evaluation.

The effects of sample state upon ben-
zoic acid were also determined. Ben-
zoic acid is normally obtained as fine
erystals, This compound was fused
and a portion was utilized for the heat
ol fusion determination.

In a separate experiment, tin, which
was in the physieal state of small
granules, was flattened into a thin
sheet by pressure.  The heat of fusion
was then determined on an appropriate
size sample of the tin sheet.

All heats of fusion are based on the
calibration values reported previously.
The results of these experiments are
listed in Table II. The areas utilized
for this measurement are shown in
Tigure 3, a thermogram of naphthalene.
The heats of fusion and vaporization
were calculated from the following
equation:

AH;or AH, =

KX area in mm.? X range setting of interest (uvolt)

@ All AIf; values were obtained from reference 9.
b Bastman White Label, all other reagents are c.r. grade or better.

DISCUSSION

T'he portion of the thermograms from
ambient to 100° €., in Figure 2, show
that the sample couple can lag the ref-
erence couple appreciably, depending
upon the specifie heat of the sample.
Thermal diffusivity of the sample and
heat transfer of the system are also
important factors. The rate of transfer
per unit time was considered a fixed
value (constant), beeause the speed of
response of the pen is fixed and an exaet,
chart speed of 1 ineh/10 minutes was
used throughout.,

Once this lag has been overcome by
heat input to the system, the sample
curve follows the base line curve closely
and may render specific heat determina-
tions in extended temperature regions
inaccurate. However, when the specific
‘heat value of a material changes
abruptly due to a morphological trans-
formation—e.g., glass transition—this
change is readily detected and a reliable

(15)

value of the change is possible even at
elevated temperatures.

Jquation 14 is valid only for a number
of specific heat determinations in which
the instrumental conditions are held
constant. During any series of specific
heat determinations, the thermocouples
must not be moved and the same sets of
semispherical sample and reference pans
must be used. A change of sample
pans, even though weight differences of

the pans amounted to only 0.1 mg., |

afTected the value of the result.  Asym-
metry of the pans which may vary
slightly on forming may also be an
important factor. Any adjustments of
the recorder for sensitivity or dampening
also affects this measurement. The
furnace should also be covered to pre-
vent drafts which will result in thermo-
couple drift and identical heating rates
must be used.

Additional error may be introduced
by the inability to measure accurately
some of the small areas experienced.
All areas were measured in triplicate
with a plane planimeter and the results
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were averaged.  Greater error was
experienced for the inorganic samples
examined, This may be due in part to
the lower specific heat values of silver
nitrate and tin in particular, or perhaps
differences in the thermal conductivity
of these materials as compared to
organics,

Many known specific heat values are
available only at certain temperatures,
while all values reported in this paper
are average values, Whenever possible
the temperature region used for an arca
measurement, was ambient to 100° C,,
which made d7' = 76° C. If a smaller
dT must be used, due to transitions
below 100° C., the area measured will
be smaller and greater error will be
introduced.

The specific heat was determined on
10 separate samples of naphthalene,
The standard deviation at the 959,
confidence level was found to be £0.02
cal./gram/°C.

Sample size, heating rate, and sample
state did not affect the accuracy of the
heat of fusion measurement for this
system,  These results  substantinte
Vold’s equations (28) and show that
nearly equilibrium conditions exist for
this system. The depth of the dif-
ferentinl temperature and the width
of the transition peak vary with heating
rate; but the total aren does not change
within the error of the measurement, it-
sell for identical size samples,

These results also show that K is a
constant and temperature independent
over the temperature ranges investi-
gated and that the physical shape of the
samples does not affeet the results
within the preeision of the determina-
tion. The fact that accurate Alf,
values were obtained for a variety of
substances over extended temperature
ranges shows that any one material
could have been used for calibration.
Tin was chosen as the calibration
standard because of the comparative
ecase in handling this material and also
for determining whether or not the
calibration value could subsequently be
applied to other materials which mani-
fest transitions at widely divergent
temperatures.

The theoretical discussions assume
K, = K, = K. Although it has been
shown that K is invariant, in practice it
is difficult to achieve the condition that
K, = K,: however, it is possible, but

I
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time consuming, to do so, This does
not invalidate the theoretical treatment
since K, can be made equal to K,
by thermocouple adjustment (syntheti-
cally), or by quantitative measurement
from known materials, such as tin or
benzoic acid and then adjusting one by
a suitable factor. However, the experi-

“ mental treatment takes into account

slight differences between K, and K, by
considering  the system  effeets  and
system plus sample effeets, separntely.

The ealibration was repeated weekly
to provide aceurate results and establish
any indeterminate instrument changes.
Slight variations in K were experienced
over a 7-day period. The ealibra-
tion factor, K, from an easily handled
material like tin, was applicable for all
heats of fusion of those compounds
investigated,

In addition, a value of 77.2 cal./gram
for the heat of vaporization of naphtha-
lene (AI1,) was obtained. This com-
pares favorably with the literature value
of 75.5 cal./gram.  TFigure 3 shows the
area utilized for this measurement,

The standard deviation at the 95%,
confidence level for Al, and All, of
naphthalene were found to be %= 1.5
cal./gram and  +£2.0 cal./gram, re-
spectively.

CONCLUSIONS

The application of this type of system
permits the determination of Al and
Cpon a variely of inorganic and organie
compounds (rom a single calibration of
an easily handled material-—e.g., tin.

Although every effort must be ex-
tended to maintain o constant effect of
parameters that cannof be numerically
evaluated, variables such as sample size
(within  limits), heating rate, and
sample state did not have deleterious
effects upon the results,
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