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Abstract: An equation for a binary phase diagram with two eutectic points was
deduced from the Van’t Hoff equation. The melting points of hydrazinium nitrate/
nitroguanidine (HN/NQ) samples with different ratios, ranging from 0 to 1 mole
fraction, were explored by differential scanning calorimetry (DSC). The results
revealed the presence of two eutectic points in the phase diagram of the HN/NQ
binary system. The dependence of temperature on the composition (T-X phase
diagram) of HN/NQ was depicted based on the equation described by the DSC data.
The phase diagram of MeNQ/HN, with only one eutectic point was constructed
by substituting experimental data of the compositions and their corresponding
temperatures into the Van’t Hoff equation. The phase diagram with two or more
eutectic points indicated the formation of new stable compounds with appropriate
ratios of the two components; no new substance appeared in the system with
only one eutectic point. Thus, the HN/NQ binary system showed the presence
of a new substance, which is probably the HN/NQ co-crystal. No new substance
was detected in the MeNQ/HN binary system. The results of the X-ray diffraction
patterns agree with the findings from the phase diagrams.
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1 Introduction

MeNQ (N-Methyl-N’-nitroguanidine)-based eutectic mixtures of energetic
materials have been reported in many studies [1, 2]. It has been considered as
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a material with the highest potential to replace TNT as the liquid carrier in cast
explosives [3, 4]. NQ (Nitroguanidine) is usually used as a component in mixed
explosives and propellants [5]. It has two crystal structures, namely a and 3, the
former being more stable than the latter. The crystals are white needles that are
neither hygroscopic nor volatilize at room temperature [5, 6]. HN (Hydrazinium
nitrate) can increase the explosive power of mixed explosives [7, 8], and has
amelting point of approximately 70 °C. Adding HN to mixed explosives reduces
the melting point of the mixture [9-11].

Many methods can be used to construct phase diagrams [12-16]. For
example, the T-X phase diagram is based on the Van’t Hoff equation, and the
H-X phase diagram is based on the mixture law. The construction of an H-X
phase diagram is quicker and simpler than that of a T-X phase diagram [17, 18].
However, an H-X phase diagram cannot be used to determine the composition of
a mixture or its melting temperature. In addition, the mixture law at the present
time has proved to be insufficiently exact [19].

A T-X phase diagram describes the relationship between the composition
and the melting temperature. Theories and experiments concerning T-X phase
diagrams have been studied in several articles [20-24]. Some binary T-X and
H-X phase diagrams of energetic materials, such as those of Tetryl/PETN,
PETN/RDX and RDX/NQ, have been constructed [25]. Based on binary phase
diagram theory, previous studies obtained equations for ternary phase diagrams
and constructed ternary phase diagrams using binary system data [26, 27].
Ying Hui Shao et al. [27] constructed ternary phase diagrams of some volatile
energetic materials, including TNT/TNAZ/DNTF and TNAZ/DNTF/RDX, by
high-pressure differential scanning calorimetry (DSC). Chapman [28] deduced
the phase diagram of a binary system from the Van’t Hoff equation and calculated
the intermolecular interactions of common energetic materials. The results of
these two methods were consistent.

The studies reported thus far focus on phase diagrams with only one eutectic
point. However, some systems, such as the MeNQ/AN (Ammonium nitrate)
system, have two eutectic points [1]. The study of the theory of phase diagrams
with two eutectic points and the construction of the relevant diagrams for binary
or ternary systems are important topics. Therefore, the present study aims to
deduce a theory for a binary phase diagram with two eutectic points on the basis
of the conditions of chemical equilibrium. A binary phase diagram of HN/NQ
with two eutectic points was constructed using this theory and experimental
DSC data. This study also revised some results on the MeNQ/HN binary system
previously reported by our group [10].
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2 Experimental

2.1 Materials

HN was prepared by neutralizing hydrazine hydrate with nitric acid. NQ
(purity > 99.5%) was provided by the Institute of Chemical Materials of China
Academy of Engineering Physics, and MeNQ was purchased from Tianjin. The
HN/NQ and MeNQ/HN samples used in this study were produced by heating
mixtures of HN and NQ (or MeNQ and HN) with specific mole fractions. The
numerical order of samples with different mole fractions is shown in Table 1.

Table 1.  Compositions and melting temperatures of the binary systems

HN/NQ MeNQ/HN
No NQ Mp. 1| M.p.2 No MeNQ M.p.1 | Mp.2
" | [mol fraction] | [°C] [°C] " |[mol fraction] | [°C] [°C]
1 0 — 7024 | 1 0.1 --- 70.15
2 0.1 - 59.51 | 2 0.2 69.08 ---
3 0.2 - -—- 3 0.3 69.17 -
4 0.3 --- 54.11 | 4 0.4 70.18 -
5 0.4 54.03 | 13222] 5 0.5 68.7 | 1129
6 0.5 51.87 | 173551 6 0.6 67.06 | 118.71
7 0.6 52.91 |206.06| 7 0.7 67.82 | 128.6
8 0.7 52.25 |211.22| 8 0.8 67.11 | 138.07
9 0.8 141.8 | 20741 | 9 0.33 69.73 -
10 0.9 143.66 | 190.72 | 10 0.25 69.61 -
11 1 --- 232 11 0.67 67.09 | 125.61
12 0.75 67.18 | 132.57

2.2 Experimental methods

The binary phase diagrams and crystal structures of the samples were studied.
To construct the phase diagrams, the melting points of the samples were obtained
by DSC (Diamond DSC, Perkin Elmer). X-ray powder diffractometry (XRD, D8
Advance, BrukerAxs, Germany) was used to characterize the crystal structures
of the pure substances and of the mixtures.

DSC: Approximately 2 mg of the sample was placed in an aluminum pan with
an aluminum lid covering it. The system temperature ranged from 45 to 260 °C
at a constant heating rate of 10 °C-min’!, and measurements were performed
under a 0.1 MPa dynamic nitrogen atmosphere.

XRD: Samples were ground to a fine powder, dusted onto a metallic shallow
groove and a glass slide was placed over the groove to flatten the powder surface.
The scanning range was 26 = 10-60°.
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3 Principle of the Phase Diagram of the Binary System

For a binary system of components A and B:
dx*' dx'  AS,  AH,
dT  dT  RT,, RT,, (1)

The solidus curve in the 7-X phase diagram falls practically on the vertical
(temperature) axis,

sol
dXx 0
dr

Equation (1) can be written as:

* *

™ AS]  AH,

1

dT  RT. RT? (2)

0i 0i

where: X*!and X' are the equilibrium mole fractions of the second component
in the solid phase and the liquid phase, respectively, AS;” and AH;" are the entropy
and the enthalpy of melting of the pure component 7, and Ty, is the melting point
of the pure component i, i = A, B, C.

For an isobaric binary system, the molar Gibbs energy of a mixed phase is
given by:

G(TX) = (1-X) pa(TX) + X us(T.X) 3)

The thermodynamic potentials (= partial molar Gibbs energies) for the first
and the second component in the homogeneous mixture are:

#A(TX) = pa’(D) + RT In(1=X) + ua™(TX) (4)
(LX) = ug’(T) + RT InX + pu"(T.X) (5)

where: X is the mole fraction of component B, x," is the thermodynamic potential
(= partial molar Gibbs energy) of the pure component 7, u* stands for the molar
excess thermodynamic potential, which is part of the thermodynamic potential
that accounts for non-ideal mixing, i = A, B, C.
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A B
Figure 1. T-X phase diagram of a binary system with one eutectic point.
For a binary phase diagram (Figure 1) with only one eutectic point, the
condition for the solid-liquid equilibrium between the solid pure component
A and a liquid mixture with composition X can be written as:

" (1) = (T, XJ9) = a” 9(T) + RT In(1-X5) + (LX) (6)

,UA* liq(]’) _ ,UA* sol(T) — _RTln(l_X;liq) _ ,UAE 1iq(7"')(eliq)

—ASA" (T — Toa) = —RT In(1-X.119) — Bl T, X lia) %
With:
ASA* = AHA* / Toa (8)

the expression of the liquid curve can be written as:

AH (1 1 (T, X
ln(l‘X):TA(T__FJ_ %T) ©)

04
When X =1, T= Tya. it can be calculated that:
#i=0

Under this condition, Equation (9) is the same as the Van’t Hoff equation
[29, 30].
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For a binary system in which a new compound C(A,B,) is formed the
chemical equation can be given as:
C-mA-nB=0

A X o(X) X B

B 5 3

Figure 2. T-X phase diagram of a binary system with two eutectic points.

In the phase diagram (Figure 2) of this system, there are two eutectic points.
The conditions for the chemical equilibrium between the solid pure component
C and a liquid mixture is:

,UC*SOI(T) _ m,UA“q(Z Xcliq) _ nlucliq(z )(Cliq) =0 (10)

pe (D) = mlpa” (1) + RT In(1=X) + ua"(TX)] = n(us (7) + RT InX + us(1,.X)] = 0
uc T —mua™(T) — nup"(T)=mRTIn(1-X) + mu 5T, X) + n RT InX + nug®(T X)

Making u®= (mus"(TX) + nus"(T X)) RT,

ASc (T — Toc) = mRT In(1-X) + n RT InX + uERT (11)
With:
ASC* = AHC* / Toc (12)

this leads to:

A;[c [TL_%J:mln(l—X) +nlnX+,uE (13)

0c
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n

When X = ,T:Toc,
m+n

,uEz—mln( j—nln( " )

m+n m+n

. n
and at the point when X =

m+n

ar _,
dXx

The phase diagram of MeNQ/AN as reported in a patent [1] is shown in
Figure 3. This phase diagram has two eutectic points. Equation (13) is suitable for
the MeNQ/AN binary system. Ordinary data on the mole fractions of MeNQ and
temperatures corresponding to the phase diagram were obtained and substituted
into Equation (13) to construct the binary phase diagram of MeNQ/AN, as shown
in Figure 4. Figure 4 demonstrates that important points, such as the eutectic points
and the co-crystal point, are very close to those illustrated in Figure 3. This result
proves that the equation of the phase diagram with two eutectic points is correct.

PHASE DIAGRAM
AMMONIUM NITRATE (AN) / METHYLNITROGUANIDINE (MeNQ)
1 LN N O I I B O O B B B B
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Figure 3. T-X phase diagram of the MeNQ/AN binary system reported in the
literature [1].
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Phase diagram of AN/MeNQ
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Figure 4. T-X phase diagram of the MeNQ/AN binary system obtained by the
equation in this work.

— 100

4 Results and Discussion

4.1 DSC curves of the MeNQ/HN and HN/NQ binary systems

The DSC curves of the HN/NQ and MeNQ/HN systems are shown in
Figures 5 and 6, respectively. The compositions and melting temperatures
of the two systems obtained from the DSC curves are shown in Table 1. The
temperature and composition data in Table 1 show that the HN/NQ system has
two eutectic points. In the present system, m =3, n =1, Toc =227.483 °C and
AHc"= 18.474 kJ/mol. The Tyoc and AHc" were calculated from the expression
of the liquid curve of the phase diagram with two eutectic points (Equation 13).
The binary system of MeNQ/HN has only one eutectic point.
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Phase diagram of HN/NQ
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Figure 5. DSC curves of HN/NQ binary systems.

Phase diagram of MeNQ/HN
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Figure 6. DSC curves of MeNQ/HN binary systems [10].
The DSC curves of HN/NQ are shown in Figure 5. The curve of pure HN

is labelled 1, and the mole fraction of NQ in curve 10 is 0.9. The mole fraction
of NQ increases from curve 1 to curve 10. In curves 1 to 8, the eutectic melting
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peak is approximately 50 °C, and the other peak moves to higher temperatures
with increasing NQ content. In curves 9 and 10, the eutectic temperature is near
140 °C. As the system has two eutectic temperatures, it has two eutectic points.
The mole fraction of NQ at the co-crystal point is between 0.7 and 0.8.

The prominent peaks for the MeNQ/HN system are shown in Figure 6.
Peak 1 appears at temperatures slightly lower than 70 °C, with a second peak
(peak 2) appearing when the mole fraction of MeNQ is greater than 0.3 (curves
9,4,5,6,11,7, 12, and 8). This peak moves toward higher temperatures with
increasing mole fraction of MeNQ. Peak 1 is the melting peak of the eutectic,
and peak 2 indicates the melting temperature of MeNQ in the MeNQ/HN binary
system.

4.2 Phase diagram of the binary systems

The binary phase diagram of the HN/NQ system was constructed using the
method described earlier by substituting m, n, Toc, AHc™ and the data shown in
Table 1 into Equation (13). The binary phase diagram of HN/NQ is shown in
Figure 7.

12000
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@ 4000
& , A#
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2000
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0
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281

]
Figure 7. Phase diagram of the HN/NQ binary systems.

This phase diagram has two eutectic points, Xno= 0.226, T'=49.06 °C and
Xno=0.95, T=143.063 °C, as marked on the diagram. The point Xno= 0.75,
T=227.483 °C is a co-crystal point, a new compound arising at this point. Its
enthalpy AHc¢" = 18.474 kJ/mol, and its melting point is Toc = 227.483 °C, at
amole ratio of HN : NQ =1 : 3.
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There is a single phase area of the liquid mixture of HN and NQ on the liquid
curve. The area between the liquid curve and the solid curve is the binary phase
area. When 0<Xyq<0.226, the system contains the liquid phase and HN in the
solid state; the solid and liquid coexist when 0.226<Xxq<0.95. For 0.95<Xyo<1
there is an area of liquid and solid NQ. Under the solid curves, 0<Xx<0.75 is
a binary phase area containing HN and the new compound in the solid state, and
when 0.75<Xxo<1, the solid NQ and the new compound coexist.

When 0<Xyq<0.226, the HN and NQ liquid mixture and HN in the solid
state reach equilibrium. The thermodynamic potential of liquid HN should
be equal to that of solid HN on any point on the liquid curve (0<Xng<0.226).
When 0.226<Xxq<0.95, the system on the liquid curve is a chemical equilibrium
between the liquid mixture and the new compound in the solid state (given in
Equation (10)). The liquid curve in the region 0<Xy7<0.226 describes a solid-
liquid equilibrium between solid NQ and the liquid mixture.

As the samples are heated liquify they become yellow, which may be the
colour of the new compound. The new substance may be a co-crystal of HN
and NQ; this co-crystal exerts a negative effect on the hygroscopicity of the
system [31].

The MeNQ/HN system has only one eutectic point. The phase diagram of
this system can be constructed using the following equations:

R T T

OHN

For the left part, In(1- X )= %(L_lJ

AH,
For the right part, In (X )= II;“NQ [T ! —%J

0MeNQ

where X is the mole fraction of MeNQ, AHyy" and AHyeng” are the enthalpies of
melting of the pure components HN and MeNQ, respectively, and Toun Tomeno
are the melting points of the pure components HN and MeNQ.

The binary phase diagram of the MeNQ/HN system can be constructed
using the compositions and temperatures in Table 1, and is shown in Figure 8.



282 M.-M. Tian, H.-R. Li, L. Chen, X. Ju, Y.-J. Shu

Phase diagram of MeNQ/HN
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Figure 8. Phase diagram of MeNQ/HN binary systems.

At the eutectic point of the phase diagram shown in Figure 8, the eutectic
composition is 0.307 (mole fraction of MeNQ) and the eutectic temperature is
68.59 °C. The eutectic point has three phases: liquid mixture, solid HN and
solid MeNQ. The equilibrium in this phase diagram is similar to the solid-liquid
equilibrium in the phase diagram of HN/NQ. No new substance was produced
at any ratio in this system.

4.3 XRD patterns of the samples
The crystal structures of the eutectic mixtures were studied by XRD. The XRD
patterns of HN/NQ and MeNQ/HN are shown in Figures 9 and 10, respectively.
In Figure 9, curve 1 is the XRD pattern of pure HN, curve 11 is the XRD
pattern of pure NQ, and curves 2-10 are the XRD patterns of the eutectic mixture.
Compared with the XRD pattern of the pure components, new peaks appear at
20 =12.67, 16.20, 17.93, 20.43, 28.18, 32.84, and 40.09° in the XRD patterns
of the eutectic mixture. Thus, there may be new crystals growing in the mixture
of HN and NQ. A similar result has been previously reported [19].
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Figure 9. XRD pattern of HN/NQ binary systems.
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Figure 10. XRD pattern of MeNQ/HN binary systems [10].
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The XRD patterns in Figure 10 show patterns for the mixture, pure HN,
and MeNQ. These patterns were considered to be new peaks and thus new
crystals at 20 = 27.62 and 28.99° in a previous paper [10]. Further analysis
of the experimental data shows that the two peaks marked in Figure 9 at
20 =27.5889 and 28.9783°, and not at 26 =27.62 and 28.99°, correspond to the
peaks 20 =27.3422 and 28.8459° in the pattern of MeNQ. The slight variations
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in angles are acceptable. Therefore, no new peaks and no new crystals are
generated, in agreement with the above phase diagram result.

5 Conclusions

The expressions for binary phase diagrams with one eutectic point and two
eutectic points were deduced on the basis of phase equilibrium theory. The binary
phase diagram of HN/NQ was constructed using the corresponding equation and
the experimental data. Thus, a new method for constructing phase diagrams with
two eutectic points, without the need to gather large amounts of experimental
data, was demonstrated. We deduced from the binary phase diagram of HN/NQ
that a new compound is generated during the uniform mixing of HN and NQ
on heating. The new compound may be a co-crystal of these two components.
The XRD patterns verified this deduction.

A phase diagram of the MeNQ/HN binary system with only one eutectic
point was constructed by substituting the experimental results (reported in article
[11]) into Equation (9) (Van’t Hoff equation). A eutectic mixture was produced,
but no new substance was generated. The XRD patterns verified this.

The structure and properties of the compound obtained in the HN/NQ
system, as well as the eutectic obtained in the MeNQ/HN system, will be the
focus of further work.
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