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DETERMINATION OF SOLIDUS AND LIQUIDUS TEMPERATURES
BY MEANS OF A PERKIN—ELMER 1B DIFFERENTIAL
SCANNING CALORIMETER
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A Perkin— Elmer 1B DSC apparatus was used to test the O’Neill expression for the
melting interval of pure compounds on samples of organic compounds 1— 10 mg in
weight. On the basis of O’Neill’s model, an expression for the melting interval of solid
solutions, AT, has been derived. The difference between AT and Ty, — T (Ty and T =
= liquidus and solidus temperatures) is discussed. A simple procedure for the determina-
tion of solidus and liquidus temperatures from DSC data is proposed.

List of symbols used

T temperature of solidus-liquidus interface, K;
T,, Ty solidus and liquidus temperature, respectively, K;
T;, T initial and final transition temperature, respectively, in a DSC curve, K;

T, temperature of sample container bottom, K;

T, temperature of thermal energy source, K;

AT temperature interval of non-isothermal or “complex” transition in a DSC
curve, K;

AT, temperature interval of isothermal transition in a DSC curve (tempera-

ture resolution of “sharp” transition), K;

T, scanning rate, K . min™1;

AH transition energy, J;

w heat flow rate, J min~!;

R, thermal resistance between sample and sample holder, K . min J™1;
r sample thermal resistivity, K.cm . min.J71;

n specific transition energy, J.g™?;

p sample density, g.cm™3;

m sample weight, g;

A area of contact between sample and sample pan, cm?;
x thickness of liquid layer, cm;

t time, min;

At time interval of transition (peak width), min.

Differential scanning calorimetry (DSC) has become a popular tool for investi-
gating thermodynamic properties, and amongst others for the determination of
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phase diagrams. During studies of the phase diagrams of binary systems, three
thermal events are most frequently observed: (i) isothermal (“sharp”) transition,
e.g. melting of pure compounds, melting of eutectic of peritectic alloys; (ii) non-
isothermal (“diffusion”) transition, e.g. melting of solid solutions; (iii) “complex”
transition, e.g. melting of binary samples containing some eutectic or peritectic
alloy. In this last case the melting can be regarded as a superimposition of sharp
and diffusion transitions.

It is well known that in the DSC method both the onset and the end of any
transition are a function of the scanning rate, and for this reason the determina-
tion of both solidus (7}) and liquidus (73) temperatures in the same DSC experi-
ment is a difficult practical problem. One can overcome this by carrying out two
independent measurements, ¢.g. the determination of T, by DSC and T} by means
of hot-stage microscopy [1]. The extraction of a true temperature sample by
computer treatment of the DSC data [2] seems to be a promising but expensive
approach. In this paper a simple and convenient procedure for the estimation of
solidus and liquidus temperatures from the same DSC curve is proposed.

Experimental

Initial purification was carried out by crystallization as follows: naphthalene
from benzene; anthracene from toluene; pentachlorophenol (PCIOH) and hexa-
chlorobenzene (HCIB) from CCl,. Dipheny! and pentachloronitrobenzene were
initially purified by sublimation through activated carbon under vacuum. The
details will be given elsewhere.

All the compounds were subsequently purified by vacuum sublimation and
zone-refining; approximately 100 zone passes were made. An alloy between
PCIOH and HCIB was prepared by weighing appropriate amounts of zone-re-
fined components into glass ampoules. The ampoules were then sealed under
vacuum. After sealing, the materials were melted, vigorously stirred, rapidly
cooled to room temperature and then ground.

Samples masses for the DSC measurements were in the range 1.5—10 mg. All
samples were sealed in standard aluminium pans. In order to avoid the decomposi-
tion of the material during melting, the encapsulation of PCIOH and PCIOH -
—HCIB alloys was made in a box filled with argon.

Measurements were performed using a Perkin—Elmer 1B DSC with an Ez 10
recorder (Czechoslovakia) with a chart speed correspording to 1 cm per degree.
The curves were recorded after the annealing of the sample holder assembly at
600 K for 15 minutes. Nitrogen was used as a purge gas. The measurements
were carried out at four heating rates: 4, 2, 1 and 0.5 degree. min~* and addi-
tionally at 0.25, 0.125, 0.062 and 0.031 degree . min~" for two samples of naph-
thalene. In order to obtain the last four scanning rates, the control knob of the
‘calorimeter was connected to an outer motot.
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Results and discussion

Melting of pure compounds

The theory of sharp transitions in differential scanning calorimetry reported
by O’Neill [3] has been developed by Gusenkov [4]. According to O’Neill, the
temperature interval of sharp transition, 47, is given by the relationship:

- rm | |¥?
AT, = LTPAH (2R0 o ] 1)

The symbols used here are the same as in ref. [3] (except for AT and AT,).

We have tested O’Neill’s formula with respect to three questions: (i) Does the
melting interval of pure compounds 4T, increase linearly with the square root
of the scanning rate, T%/?? (ii) How do the initial, T;, and final, T} temperature
of the melting peak depend on T12? (iii) Do there exist operating conditions under
which the melting of pure compounds can be considered as “the instrument-
limited case™ [3] where the thermal resistance of the sample, #, is negligible in
comparison with the resistance between the sample and the sample hoder, R,
and where the quantity 2R, + rm/A%p can be regarded as a constant?

The melting interval was determined as shown in Fig. la (4T, = T; — T).
The results of AT, determination at four scanning rates for several pure organic
compounds are shown in Fig. 2. As can be seen, the quantity AT}, increases
linearly with the square root of the scanning rate, in agreement with Eq. (1).
It should be noted here that we did not observe the disappearance of AT}, extra-
polated to zero heating rate, if the sample was a solid solution or if the material
was decomposing during the melting. Therefore, the plot AT, vsT%? can be
regarded as a test of the purity of the sample.

The dependence of the initial and final temperatures of the melting peak on
T3, as can be seen in Fig. 3, is also linear. The points of Fig. 3 give a good idea
of the experimental scatter. The deviations from linearity are larger than those in
Fig. 2 and the scatter of the T, values is due, first of all, to the use of different
samples. This last observaticns is not surprising, since it is well known that the
accuracy of temperature determination by the DSC method is limited by the

Fig. 1. Schematic representation of the DSC data treatment. a) curve of pure compound,
AT, = Ty— Tj; b) curve of solid solution, AT = T;— T;; ¢) curve of binary sample con-
taining some eutectic alloy, AT = T;— T;
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Fig. 2. Temperature interval of melting as a function of square root of scanning rate. 1 — hexa-

chlorobenzene 2.372 mg, 2 — pentachlorophenol 4.053 mg, 3 — naphthalene 2.110 mg,

4 — pentachloronitrobenzene 9.382 mg, 5 — diphenyl 5.760 mg, 6 — naphtalene 9.083 mg,
7 — anthracene 9.730 mg
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Fig. 3. Initial and final temperatures of melting peak in DSC curve against square root of
scanning rate. —O— naphtalene 2.110 mg, — e—naphtalene 9.083 mg

reproducibility of thermal resistance between the sample and the sample holder,
and it is not possible in standard operations to obtain an accuracy better than
+0.4 degree [5].

In our opinion, the linear dependence of T; and 7} on the square root of the
scanning rate can be used for the determination of a sharp transition temperature.
By using this procedure, we have obtained a higher accuracy of the temperature
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Fig. 4. Variation of 4 Tiso(j"p)‘l/ 2 with square root of melting heat for the same samples as
in Fig. 2. The slope d(ATy, T5 VY A(AHY?) = 2.3 degree'/?. min/?. J~V'2 See text for details
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Fig. 5. Scheme of the sample geometry in the DSC apparatus according to ref. [3]. R, -- ther-
mal resistance through which the thermal energy flows from temperature source (7',) to the
sample, M — thermal ammeter. See text for details

determination than by means of the measurements performed at one scanning
rate (£0.3 and +0.6 degree, respectively).

Re-plotting the results given in Fig. 2 in a new co-ordinate system, as shown in
Fig. 4, allowed us to obtain an answer to the third question. Inspection of Fig. 4
shows that the quantity AT, T5%? increases linearly with the square root of the
sample melting heat, AH'?, the slope of this line being d(AT, T;Y¥d(4HY?) =
= 2.3 degree'/? min/2 J =12 . The conclusion that can be drawn from this relation-
ship is that the melting of the samples under consideration can be regarded as
“the instsument-limited case”.

This result indicates that under the conditions used in these experiments (organic
compounds, samples in the form of melt 1.5—10 mg in weight, scanning rate 0.5
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to 4 degree min~"') the melting interval of pure compounds is governed basically
by the scanning rate and the transition energy and does not depend on the kind
of compound. Therefore, the diagram shown in Fig. 4 can be used for the estima-
tion of the sharp transition interval of any sample if the transition heat is known.

Melting of solid solutions

On the basis of O’Neill’s model [3], the melting interval of a solid solution could
be derived. A schematic diagram according to [3] is shown in Fig. 5.

The heat flow rate, W, from the temperature source, T}, through the holder to
the sample, is given by Newton’s law:

T, — T,
W= -2__"0 2
RO @
ATy, — T
wo A =T) 3
rx
The melting process can be described by the equation:
dx
W =ndp—— 4
ndp— @

which expresses the conservation of energy.
It will be assumed that the temperature of the solid-liquid interface, 7, is
given by:

T=T,+ 2 _"%¢ (5)

and that the temperature increases linearly with time:
T, =T, + T,t ©6)
After rearrangement and solving, yield the following relation:

Tp 92 (Tl_Ts) 2 rpy 9
Pt~ Yt = RyApny + ——
5 Az odpn + —=x (7

For t = At, the quantity 4H/Apn, (thickness samples) may be substituted for x,
and, since AT = AtT,, Eq. (7) becomes:

rm

AT? — (T, — T) AT = T, AH (2R0+ Yo (8)

Finally, the melting interval of the solid solution, 47, is obtained from Eq. (8):

T]_—T

A 1 0 rm | TH? 9
AT = 3 —+[Z(T1—TS) +TPAH(2RO+?_,D_)H 9
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It should be noted here that Eq. (9) for T; — T, = 0 gives Eq. (1) valid for pure
compounds. Comparison of Eqs (9) and (1) provides the relation:

Ty~ T,[1 12
—1—2-S[Z (T, — T + ATi2so] (10

AT =
Inspection of Eq. (10) reveals that the melting interval of the solid solution in
the DSC method is related to two terms: the true melting interval of the solid
solution, T; — T, and the material-instrumental factor, AT,,. In this context,
the quantity AT, is the melting interval of the same sample, if its fusion was an
isothermal transition. As mentioned above, this last factor can easily be estimated
from the diagram in Fig. 4., if the fusion heat of the sample, AH, is known. Then,
the true melting interval of the solid solution, T3 — T, can be calculated from the
following equation:

AT?

T = AT — Sl
T, —T,= 4 T (11)

In order to estimate the nuimerical values of the correction factor, ATZ,/AT,
we have measured the melting interval of six samples of PCIOH—HCIB mixture
containing 0.502 mole fraction of HCIB. The PCIOH —HCIB system was chosen
since it is known to form solid solutions in the whole composition range [6].
Typical results for two samples are given in Table 1. The quantity AT, was
estimated from the diagram in Fig. 4. Treatment of the DSC curves is demon-
strated in Fig. 1b.

As can be deduced from Table 1 for the samples of miligram level, the correc-
tion factor has a trivial effect if we take into account that the accuracy of tem-
perature determination in our DSC experiments amounted to +0.3 degree.

Table 1

Melting interval (AT) of two samples of PCIOH — HCIB solid solution containing 0.502 mole
fraction of HCIB as a function of scanning rate (7%,). Values of T,— T have been caiculated
according to Eq. (11)

; AT
4 11.5 997 = 11.5 — 1.53
2 10.8 9.97 = 10.8 — 0.83
10.912 1 10.2 9.77 = 10.2 — 0.43
0.5 9.8 9.57 = 9.8— 0.23
4 10.0 9.72 = 10.0 — 0.22
2 9.6 947 = 9.6 — 0.13
1.510 1 9.4 934 = 94— 0.04
0.5 9.5 947 = 9.5 — 0.03
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However, in the case of larger samples (about 10 mg in weight) the use of the
correction factor was necessary.

Equation (11) implies that for solid solutions with small values of Ty — T,
the correction factor can be significant even under conditions of the high resolu-
tion of temperature (small samples, low scanning rates).

Conclusions

We propose the following procedure for determination of solidus and liquidus
temperatures form the DSC curve.

The solidus temperature, T, may be determined in any way, for instance accord-
ing to the procedure given by the manufacturer or by that proposed by us in the
previous section, or by means of an isothermal temperature calibration method
[7]. Tt is important to note that the T, determination must be done in just the same
way as was used during the correction of the indicated temperature scale of the
instrument. Also, the samples should be 5— 10 mg in weight. For samples smaller
than 5 mg which are not pure compounds, a large fraction of the sample can be
melted before the DSC trace rises detectably above the baseline [8]. In this case
the uncertainty of the 7, determination may be significant. However, the melting
of samples larger than 10 mg should be considered rather as “the sample-limited
case”, and for this the diagram given in Fig. 4 is not adequate.

The accurate value of the liquidus temperature, 73, can be calculated as the sum
of Tyand Ty — T, the latter quantity being obtained as described below.

Firstly, the melting interval, AT, should be determined as is demonstrated in
Fig. 1.

Solid solution

The T; — T, value may be derived from Eq. (11). In order to get the reading of
AT, from the relationship given in Fig. 4, the sample fusion heat, 4H, must be
known. This should be determined experimentally, from the peak area in the curve.
However, as a first approximation, the fusion heat of the solid solution can be
estimated as the weighted sum of the fusion heats of the components. It was
found [9] that, even for the weak charge-transfer complexes where the inter-
molecular interactions are stronger than those in solid solutions, the fusion heat
of the complex is near the sum of the fusion heats of the components. In our
experience, too large a difference in the experimental sample fusion heat and that
calculated should be treated as an indication that some part of the melting heat
was unrecorded due to the reasons mentioned by Davis et al.[8].

Sample containing some eutectic alloy

Two limiting cases may be distinguished, depending on the proportion of eutec-
tic alloy to an excess component: “the sharp transition-limited case” and *“the
diffusion transition-limited case”.
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In the former case the true 7} — T, value is equal to AT — AT,,, where 4T,
may be read from the diagram given in Fig. 4 for the 4H value identified with the
fusion heat of the eutectic portion of the sample. Of course, plotting of the melting
interval, AT, against the square root of the scanning rate and then extrapolation
to zero heating rate yields the same result.

Consequently, “the diffusion transition-limited case” can be treated as the
melting of a solid solution. As can be deduced both from experimental results
and from the comparison of Eqs (1) and (11), the difference between the transition
interval as anticipated by thermodynamics and that measured from the DSC
curve is much more in the sharp transitions than those involving diffusion. There-
fore, if only the fusion of the eutectic portion is measurable, the melting of the
whole sample can be considered as “the sharp transition-limited case”.

The DSC data for the samples containing peritectic alloy may be treated in the
same way as in the eutectic case.
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ZUSAMMENFASSUNG — Ein Perkin— Elmer DSC-Geridt 1B wurde zur Priifung des O’Neill-
schen Ausdruckes fiir den Schmelzbereich reiner Verbindungen an Proben organischer Ver-
bindungen von 1— 10 mg eingesetzt. Auf Grund des O’Neill-schen Modells wurde ein Aus-
druck fiir den Schmelzbereich fester Losungen, AT, abgeleitet. Der Unterschied zwischen
AT und T, — T, (T, T, = Fliissig- und Fest-Temperaturen) wird erodrtert. Eine einfache
Methode zur Bestimmung von Fest- und Fliissigphasentemperaturen aus DSC-Daten wird
vorgeschlagen.

Pesrome — JInddepesunanbaeiil CKaHEPYOmmit kanopumerp tumma 1B dupnvsr [epxua—Inemep
ObLII MCTIONB30BAH IS IIPOBEpKH BhIpakenuss O’HEHWIIs, yCTAHOBIEHHOTO [AS HHTEPBANA
IUIABIEHUS YHCTEIX COSTUHECHUN Ha IPUMEPE OPTaHRYECKIK BEIECTB B3AThIX 110 Becy 1—10 mr. Ha
ocHopanun Mojiermn O Heiinns 6u110 BrBeneno A7 s urTEpBaa TUIABICHHS TBEPABIX PACTBO-
pos. Obcyxaeno pasimmune Mexny AT u Tin—Tg, the Ty i Te — TeMIepaTypsl IUKBHIYCA I
comumyca. Ilpeanosxed mpocToil MeTO[ OmpencieHns TEMIEPATYD JMKBAILYcA M COJNMAYCA M3
nagaeix JICK.
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