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We present Differential Scanning Calorimetry (DSC) results on Hydroxyl Ammonium 
Nitrate (HAN) solutions and Triethanol Ammonium Nitrate (TEAN) solutions with varying 
concentrations. These results are used to generate phase diagrams of these solutions. The 
results of the melting points of these liquids are compared with the theoretical calculations 
of the depression of melting points. The melting temperatures of the HAN solutions at some 
specified concentration range are predicted rather well using the two electrolyte assumption. 
The phase diagram of the TEAN solutions explains an instability with respect to phase 
separation of this liquid. 

Aqueous solutions of Hydroxyl Ammonium Nitrate (HAN) and Triethanol 
Ammonium Nitrate (TEAN) are a particular type of liquid propellant which 
has long been recognized for their advantages due to large volumetric im- 
petus and continuous varying charge possibilities. However, their accidental 
detonation causes major problems in both storage and handling [1, 2]. It is re- 
quired that the liquid propellant remains a homogeneous liquid in the range 
from 328 K to 218 K [1]. Differential Scanning Calorimetry (DSC) is a power- 
ful method for measuring possible storage reactions as a function of tempera- 
ture. The main thermodynamic parameters which are needed for various 
intermolecular calculations are also provided by DSC. Whenever a material 
undergoes a change in its physical state, such as melting or phase transition, 
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or whenever it reacts chemically, heat is absorbed or liberated. Many such 
processes can be initiated simply by raising the temperature of the material. 
Modern differential scanning calorimeters are designed to determine the 
melting points, latent heats, specific heats and enthalpies of this process by 
measuring the differential heat flow required to maintain a sample of the 
material and a reference at the same temperature. Also DSC has generally 
been used in determining the purity of the sample and its phase diagram. 

Several years ago Fifer [3] carried out some DSC measurements to inves- 
tigate the stability of HAN-based liquid propellants, the destabilizing effects 
of metal impurities, and the ignition temperatures in the temperature inter- 
vals from 600 K to 746 K. Also Lee et al. [4] explained the instability of this 
liquid by introducing the concept of the spinodal decomposition as deter- 
mined by light scattering experiments. Here we present the results of DSC 
measurements at low temperatures with the emphasis on the phase transition, 
which can show the various low temperature characteristics of the liquid 
propellants. Since the liquid propellant is a ternary liquid, it is very important 
to study the physical and chemical characteristics of the two solutions (HAN 
and TEAN solutions) separately since binary solutions are more tractable to 
calculations. 

Calculation of the melting temperature 

The melting or freezing point of a pure compound is the temperature at 
which solid crystals of the substance are in an equilibrium condition with the 
liquid phase at atmospheric pressure. For solid substances which melt 
without decomposition, the melting point has a most important physical 
property. The melting point depression of an impure material can be calcu- 
lated the from Clausius-Clapeyron equation [5], 

d In (PA/po ) _ A l l  (1) 
dT RT ~' 

where pA is a partial pressure of the pure component A, po is a partial vapor 
pressure of the pure component A at the same temperature, AH is a molar 
heat of fusion, R is the gas constant, and T is the equilibrium temperature in 
degrees Kelvin, respectively. Generally the molar heat of fusion, AH, is 
temperature dependent and given by, 

= aI-Io + A C p ( T - T ~ ) ,  (2) 
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where ACp is a difference of the molar heat capacity of the pure component 
for the liquid and solid phase, and T~ is a melting temperature. The partial 
vapor pressure, or the activity, of each component is, as defined by Raoult's 
law, proportional to its mole fraction, that is 

P = NAP~ 

where NA is a mole fraction of A. Then one has 

lnP-'A = l n a a p o  = lnNA = -AH~ 1 ~  R ( -T - T-~I ) _  ACPR ( 1 - -TT~ + In --~) , (3) 

where aA is the activity coefficient of component A. 
If the solution is a strong electrolyte, then the activity coefficient of the 

electrolyte in its aqueous solution, 'a', is given by [6] 

n /i 

a =  (r-~--nn) ' (4) 

and rw is defined by; 

(5) 
1 - N ~  

where Nw is the mole fraction of water and n is the number of ions per 
molecule of salt. Therefore, the depression of the melting point of an 
aqueous solution with electrolytes is larger than that of a non-electrolyte 
solution. 

Experimental aspects 

All experiments were run on a Perkin Elmer DSC-4 equipped with a 
microprocessor controller, a digital interface, and a computer operating with 
thermal analysis software. The samples used are TEAN solutions, HAN solu- 
tions and mixtures of HAN and TEAN solutions (LP-1845 [7] plus additional 
water; LP-1845 plus additional HAN; and LP-1845 plus additional TEAN). 
The samples were made using a 13.34 molar HAN solution supplied by the 
US Army Ballistic Research Laboratory, TEAN crystals (Morton Thiokol, 
Inc., Lot No. 190), and distilled water. Impurities were removed by passing 
the sample through a 0.22/tm fretted filter, but there still exists the possibility 
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Table 1 Composition of samples 

Sample No. HAN TEAN WATER 

Wt.% Mole % Wt.% Mole % Wt.% Mole % 

LP-1845 62.29 37.1 19.61 5.3 18.10 57.6 

I-1 67.14 39.4 17.76 3.9 18.10 56.7 

I-2 57.27 34.7 24.63 6.7 18.10 38.5 

I-3 52.30 32.2 29.60 8.3 18.10 59.5 

II-1 62.31 33.3 15.61 3.8 22.08 62.9 

II-2 62.68 37.4 19.72 5.3 18.00 57.3 

II-3 62.28 37.4 21.60 6.2 16.12 54.4 

II-4 62.29 4220 23.60 7.2 14.11 51.8 

III-1 60.36 34.2 19.54 5.0 20.10 60.8 

III-2 58.40 31.3 19.50 4.8 22.10 63.7 

III-3 56.43 29.1 19.49 4.6 24.08 66.3 

III--4 54.24 26.1 19.65 4.3 27.09 69.6 

III-5 50.34 22.9 19.56 4.0 30.01 73.0 

IV-1 49.8 21.1 15.7 2.9 34.5 76.0 

IV-2 46.1 18.0 14.5 2.5 39.4 80.0 

IV-3 38.9 13.0 12.3 1.8 48.8 85.0 

IV-4 31.1 8.8 9.8 1.3 59.1 90.0 

IV-5 17.8 4.3 5.6 0.6 76.4 95.0 

IV-6 100.4 2.2 3.7 0.4 85.9 97.0 

HW-1 83.71 49.1 16.29 50.9 

HW-2 80.00 42.8 20.00 37.2 

HW-3 77.61 39.4 22.39 60.6 

HW-4 74.99 36.0 23.01 64.0 

HW-5 69.24 29.7 30.76 70.3 

HW-6 65.06 23.9 34.94 74.1 

HW-7 60.00 22.0 40.00 78.0 

HW-8 50.00 16.0 50.0 84.0 

HW-9 30.00 7.4 70.0 92.6 

HW-10 10.00 2.0 90.0 98.0 

TW-1 79.00 24.2 21.00 75.8 

TW-2 74.94 20.2 25.06 79.8 

TW-3 69.72 16.4 30.28 83.6 

TW-4 64.89 13.6 35.11 86.4 

TW-5 60.24 11.4 39.76 88.6 

TW-6 55.03 9.4 44.97 90.6 

TW-7 50.28 7.9 49.72 92.1 

TW-8 40.00 5.4 60.00 94.6 

TW-9 20.00 2.1 80.00 97.9 

TW-10 10.00 0.9 90.00 99.1 

Z Thermal AnaL, 37, 1991 



CHOI et al.: THERMODYNAMIC PROPERTIES OF AQUEOUS 2529 

of introducing some impurities into the sample from the DSC pans. The list of 
samples is hown in Table 1 in which LP-I, LP-II, and LP-III are a series of 
samples whose water, HAN, and TEAN weight percents are the same as 
those of LP-1845, respectively; LP-IV is a series of samples of LP-1845 plus 
additional water (25 wt.% to 500 wt.% more water); TW means just TEAN 
plus water; and HAN plus water is HW. 

The method for encapsulation of samples most widely adopted is the use 
of an aluminum pan with a domed lid which is crimped in position. Since 
there is some evidence that the liquid may react with the aluminum or metal 
ions, such as Cu § and Fe § a more stable gold pan was substituted [3]. The 
average weight of gold pans was 131.80 __.1.60 mg and a typical weight of each 
sample was 5 rag. Nitrogen through a fine filter, needle valve, and flowmeter 
was used as a purge gas in the DSC. Generally both heating and cooling 
processes were run at a rate of 10 degree per minute. But different heating 
and cooling rates were used to see the effects of heating and cooling rates on 
the melting temperatures and the supercooling effects. A single crystal sap- 
phire was used as a reference to calculate the heat capacities. 

Results and discussion 

Melfing points of TEAN solutions 

The melting points of all samples in Table 1 were measured. Since the 
lowest temperature our system could reach was 205 K, some samples did not 
show any phase changes. Every sample was measured both in a heating and 
cooling process. Our first attemlSt was to obtain the phase diagrams for our 
solutions by measuring the melting points. The phase diagrams of many bi- 
nary aqueous electrolyte solutions have euteetic points or show melting 
hydrates, which can be divided into congruent, incongruent and semi- con- 
gruent melting [8]. If the compound has a congruent melting point, then both 
the liquid and the solid phase have the same composition. 

Table 2 and Figs 1-2 show the results of the melting point measurements 
for the TEAN solutions. There were two peaks in many eases, even though for 
some compositions one peak is very broad and weak as shown in Fig. 1. In 
some samples (TW-5, 6, 7) it is hard to discriminate between the two peaks 
because they are so close together. As the concentration of water increases, 
the second peak  becomes larger both in the heating and cooling process as 
shown in Fig. 1. However, there is no doubt these two peaks clearly indicate 
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the occurrence of a melting process. These two peaks can be explained if 
there is a recrystallization during melting or pre-melting [9, 10]. If this is the 
case, then the second peak may be changed considerably with different heat- 
ing or cooling rates. After several measurements at heating rates of 20 to 1 
deg per minute, we found that the second peaks did not change significantly. 
The onset melting temperature at a low heating rate is 2.2 degrees higher 
than that of the highest heating rate, and the enthalpy changes were almost 
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Fig. 2 Supercool ing  effects on  TW-2. In the cool ing  process  wi th  a eoof ing rate o f  o n e  degree  
per  minute  there is no  peak,  which  shows  a supercool ing  effect 
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constant within experimental error. Therefore, we think recrystallization is 
not a reason for these two endothermic peaks, but the low temperature ex- 
othermic peak may be attributed to the crystallization of the eutectic phases, 
because the low temperature peaks occur always at the same temperature 
regardless of the composition of the TEAN solution. 

Table 2 Lower melting (eutectic) points of the TEAN solutions 

Sample Heating Cooling 

Peak K Onset K Peak K Onset K 

TW-1 259.5 255.9 241.3 242.2 

TW-2 260.4 254.9 *No Peak 

TW-3 260.1 255.2 211.5 219.4 

TW-4 257.0 255.4 235.0 243.0 

TW-5 262.8 255.9 235.7 237.8 

TW-6 262.3 255.6 239.9 241.7 

TW-7 261.9 256.3 233.5 241.0 

TW-8 263.5 256.8 238.6 245.7 

TW-9 261.9 257.7 239.2 246.0 

TW-10 260.1 258.0 *No Peak 

*TW-2 did not show any peak at all with various cooling rates and in the TW-10 case there 
was only one peak in the cooling process which was not believed as an eutectic peak. 

All TEAN solutions show supercooling effects, especially TW-2 which 
shows no peak at all with various cooling rates of 1 to 20 deg per minute as 
shown in Fig. 2. Even though there is no exothermic peak in the cooling 
process for TW-2, the endothermic peaks were observed in every heating 
process at various heating rates. We found that there exists an exothermic 
peak before the onset of the endothermic peak in the heating process, which 
indicates that in a supercooled state the liquid behaves as if in a glassy state 
which has a very long relaxation time. During heating this supercooled liquid 
starts to crystalize at first and then it begins to melt at the melting tempera- 
ture. It is rather clear from Table 2 and Fig. 1 that all the second peaks in the 
water-rich samples come from the free water, but the origin of the second 
peaks of the TEAN-rich samples is not that obvious. The second peak of TW- 
2 for the heating process was very repeatable but that of TW-1 was not. 

The temperature differences between two peaks decrease as their water 
concentrations increased until they reach the eutectie composition, at which 
there is no temperature difference between the two. Our results show that the 
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eutectic composition of TEAN is between the composition of TW-5 and that 
of TW-7. Eutectic means 'easily soluable', so the solutions of TW-5, 6 and 7, 
whose mole fraction of TEAN is about 0.1 or the weight percent of TEAN is 
about 55 to 60%, are very homogeneous or the composition of the crystal and 
that of liquid are the same. Bogdanov and Mihailov [11, 12] explained the ten- 
dency for supercooling in the eutectic system as the formation of stable liquid 
water-crystal complexes and the necessity for their components to be 
separated during their eutectic crystallization. If this is true, then we can ex- 
pect another eutectic point at the composition of TW-2 from its great super- 
cooling tendency, but this is not obvious with the present data. 
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Fig. :3 Euteetic peak enthalpy and the en~alpy of the second peak (higher temperature peak) 
for the heating process as a function of weight percent of TEAN 

The values at the eutectic peak in Table 2 and Fig. 3 give additional 
evidence for the eutectic composition of the TEAN solution, that is, the 
eutectic peaks of TW-5, 6 and 7 (weight % of TEAN is 55 to 60) are large and 
the enthalpy changes due to melting (higher temperature peaks) are small. 
Except for the eutectic composition, the enthalpy change is almost linear with 
respect to the weight percent of TEAN. To obtain a phase diagram of the 
TEAN solution, we measured the melting temperatures of the TEAN crystals 
and distilled water, and the onset melting temperatures were 354 K and 274 
K, respectively. 
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As shown in Table 2 and 3, the melting temperatures are different from 
one another according to not only onset or peak temperatures but also with 
respect to each process (heating or cooling), therefore it is hard to say which 
temperature represents the real melting temperature. Because the onset 
temperatures seem to be more reliable than their peak values, the onset 
temperatures on the heating process are used as the melting temperatures to 
obtain a phase diagram of the TEAN solutions. Figure 4 shows the phase 
diagram of the TEAN solutions, in which we can see the eutectic composition 
being near the composition of TW-6. Below 250 K all TEAN solutions will be 
solidified and there exist liquid and solid phases together within the tempera- 
tures between two peaks except for the euteetic composition. The TEAN 
solutions will be very homogeneous at temperatures above the higher melting 
temperature, which depends on the composition of the solution. 

Table 3 Higher  melt ing points of T E A N  solutions 

Sample  Hea t ing  Cool ing 

Peak  K Onse t  K Peak  K Onse t  K 

TW-1 289.0 271.1 239.0 - 

TW-2 284.9 269.3 - - 

TW-3 275.0 268.0 - - 

TW-4 267.0 * 240.0 - 

TW-5 264.0 * 236.0 - 

TW-6 263.0 * - - 

TW-7 263.0 * 239.0 240.3 

TW-8 270.0 * 251.0 252.4 

TW-9 278.0 269.0 256.9 258.5 

TW-10 282.0 268.0 255.1 258.1 

*Onse t  t e m p e r a t u r e s  of  TW-4 to 8 on the  hea t ing  process  are a lmost  the same wi th  peak  
t empera tu res .  

Since we have measured the heats of fusion and melting temperatures of 
water and TEAN crystals, we can calculate the theoretical melting tempera- 
ture depression for the aqueous solution of TEAN by using Eqs (3), (4) and 
(5). The heat of fusion of TEAN was 6665 calories per mole and that of water 
was 1434 calories per mole and the difference of the heat capacities between 
the solid and liquid phases were from 150 to 400 mcal per gram per degree. 
Figure 4 shows the comparison between theoretical and experimental results 
of the phase diagram of the TEAN solutions with the two electrolyte assump- 
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Fig. 4 Comparisons of measured melting temperatures of TEAN solutions and theoretical 
expectations with the two electrolyte assumptions. Here, �9 and [] are measured values 
of the melting temperatures where the higher melting point and the eutectie point were 
employed, respectively. 

tions in the TEAN solutions. Here it is very clear that the theoretical and ex- 
perimental eutectic compositions are almost the same even though there is a 
five degree difference in the eutectic temperatures. 

Melting points of the H A N  solutions 

Melting temperatures of the HAn solutions are displayed in Table 4. Both 
the heating and cooling processes did not show any endothermic or exother- 
mic peaks at all for the HW-1 to 4 samples. Some DSC results for the HAN 
solutions are shown in Fig. 5. There are endothermic and exothermic peaks in 
the heating and cooling processes for HW-5 to 10, but the peaks during heat- 
ing are always much broader than those during cooling so large errors appear 
in determining the onset temperatures and in calculating the enthalpy chan- 
ges for the HAN solutions during heating. These endothermic peaks become 
sharper as the concentration of HAN decreses, as seen in Fig. 5. We believe 
that this broadening comes from the change in solubility of HAN due to 
temperature changes. Every DSC result for the I /AN solution shows only one 
peak over the entire temperature range, which means there is no eutectic 
peak for this solution. Consequently, the HAN solution is always 
homogeneous and the compositions of the crystal and liquid phases are the 
same for this temperature range. It is known that the 93 weight percent HAN 
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Table 4 Melting point of HAN solutions. The differences of the peak temperatures between the 
heating and cooling process is about 20 degrees without regard to the concentrations of 
T E A N  

Sample Heating Cooling 

Peak  K Onse t  K Peak K Onse t  K 

TW-5 229.0 - 208.0 - 

TW-6  - 223.6 212.0 237.0 

T W - 7  243.2 230.5 220.8 222.4 

TW-8  253.8 242.6 232.7 233.8 

TW-9  266.4 255.4 247.2 248.0 

TW-10  276.3 265.4 253.5 255.0 

solution has both liquid and solid phases at room temperature [13]. From this 
we believe there exists a possibility to have the eutectic point below 215 K. 
The melting points for the heating and cooling processes are very close 
together and the differences are almost the same without any evidence for a 
dependence on the concentration of HAN as shown in Table 4 and Fig. 6. 
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Fig. 5 DSC results of HW-6, 7, 8, 9, and 10 with a heating rate of 10 degrees per minute 

This confirms that there is a much smaller supercooling effect for the HAN 
solution than for the TEAN solution. The extent of supercooling is strongly 
dependent on the degree of homogeneity of the solution, consequently, the 
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absence of supercooling is very consistent with the absence of an eutectic 
peak. The calculated melting temperatures of HAN solutions from Eqs (3), 
(4) and (5) with the two electrolyte assumption are in good agreement with 
the measured melting temperatures as shown in Fig. 6. 

HAN solution plus TEAN solution 

We have done some DSC measurements on LP-1845 plus additional water, 
HAN, and TEAN, but with the exception of some samples with relatively 
large amounts of water, no meaningful exothermic and endothermic peaks 
were observed in the temperature range of interest. As pointed out by Fifer 
[3], some DCS peaks of small amplitude were not repeatable. Attempts were 
made to observe effects on the heat capacity at constant pressure, due to a 
variation in the HAN and TEAN concentration, but no effects were observed. 
It is evident that the weight percent of water is a very important factor in 
governing the melting phenomena. As shown in Fig. 7, the melting tempera- 
ture is almost linear with respect to the mole fraction of water. With a simple 
assumption that the melting temperature of the liquid is proportional to the 
mole fraction of water we can estimate the melting temperature of LP-1845. 
The result is consistent with the expected melting temperature from the 
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measurment of viscosity as a function of temperature and pressure [13] and 
also the results of Knapton [14]. 
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Fig. 7 Phase transition temperatures of LP-1845 with additional water 

Conclusions 

Using DSC techniques, the phase diagrams of TEAN and HAN were 
determined. The phase diagram for the TEAN solutions shows the eutectic 
point at 55 to 60 weight % of TEAN at about 260 K. Below the eutectic 
temperature, the TEAN solution solidified for all compositions except for the 
eutectic composition. The TEAN solutions have two endothermie peaks, one 
of which is the eutectie peak. So between these two temperatures, both the 
solid phase and liquid phase co-exist but the composition of these two phases 
will be different, which may manifest itself by phase separation effects 
[4,15,16]. Also we observed this phase separation through a long time storage 
test, and this may be responsible for an instability in LP-1845. The expected 
melting temperatures by theory agree with measured melting temperatures 
for the TEAN solutions with the two electrolyte assumptions, which also lead 
to almost the same eutectic composition. The TEAN solutions have a great 
tendency toward supeeooling, and it seems to depend on the concentration of 
TEAN. The HAN solutions however, exhibit a smaller supercooling effect 
which seems not to be concentration dependent. The HAN solutions did not 
show any autectic point within our temperature range. The measured melting 
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temperatures of the HAN solutions are linearly dependent on the mole frac- 
tion of HAN, but we could not obtain any melting temperatures of HAN solu- 
tions with mole fractions of HAN larger than 0.3. But an eutectic point below 
215 K is expected and it can be predicted if the heat of fusion of pure HAN is 
available. 

The co-existence curve was estimated by measuring melting temperatures 
of LP-1845 plus additional water with the simple assumption that the phase 
transition temperature is approximately proportional to the mole fraction of 
water. The results we obtained through DSC measurements are quite consis- 
tent with the results from our shear viscosity measurement and also to the ob- 
served melting temperature by Knapton [14]. 

This work was supported in'part by U.S. Army under ARO contract DAAA22-85-C-0218. 
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Zusammenfassung--Es werden DSC-Untersuchungen an Hydroxylammoniumnitrat- 
(HAN) und Triethanolammoniumnitrat- (TEAN) L6sungen unterschiedlicher Konzentration 
dargestellt. Anhand der Ergebnisse wurden Phasendiagramme fiir diese L6sungen erstellt. 
Die gemessenen Schmelzpunkte dieser Fliissigkeiten wurden mit den theoretischen Berech- 
nungen der Schmelzpunkterniedrigung verglichen. Die Schmelztemperaturen der HAN- 
L6sungen in einem bestimmten Konzentrationsbereich k6nnen viel besser unter Zuhilfe- 
nahme der Zwei-Elektrolyten-Annahme ab..gesch/itzt wcrden. Das Phasendiagramm der 
TEAN-L6sungen belegt eine Instabilit[it in Ubereinstimmung mit einer Phasenseparierung 
in dieser Flfissigkeit. 
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