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Abstract: The thermal behaviour of TKX-50 was re-
investigated in an extended temperature range by means
of temperature resolved X-ray diffraction. TKX-50, synthe-
sized at the Fraunhofer ICT, was identified using Rietveld-
analysis and reference data from the CCDC. Monitoring the
refined crystal data versus temperature verified a highly
anisotropic expansion behavior connected to a layer struc-
ture. However, the coefficients of thermal expansion (CTEs)
were found at an order of magnitude higher than reported,
and a slight bent of lattice parameter a was found near
room temperature. At temperatures between 180 and

200 °C the decomposition of TKX-50 started with the for-
mation of 1 to 5 wt.% diammonium 5,5’-bistetrazole-1,1’-di-
olate (ABTOX). Moreover, the micro structure was inves-
tigated by means of size/strain analysis and so called
indexed Williamson-Hall plot. The analysis revealed moder-
ate micro strain and absence of size broadening. The results
give rise to the hypothesis that the (010) layer structure
supports a low sensitivity of TKX-50 without impairment of
the mechanical stability. The results provide a base for fu-
ture quality assessment and the development of advanced
products.
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1 Introduction

TKX-50 (C2H8N10O4, dihydroxylammonium 5,5’-bistetrazole-
1,1’-diolate) is a promising, powerful new energetic materi-
al. It is easily prepared, insensitive, lowly toxic, and pro-
posed to replace RDX [1–3]. The crystal structure and ther-
mal behavior of TKX-50 was reported by Fischer et al. in
2012 [1] and crystal structure data was deposited at the
Cambridge Crystallographic Data Centre [CCDC 872231 and
872232]. TKX-50 crystallizes in the monoclinic space group
P21/c with two anion-cation moieties in the unit cell and
with a density of 1.877 gcm� 3 at 298 K.

Applying DSC, the authors did not find exothermic or
endothermic events below the decomposition with an on-
set at 222 °C [1]. Further investigations revealed that a two-
step decomposition starts at 210–250 °C depending on the
heating rate, preceded by an endothermic low enthalpy
process in the range 130–200 °C. The preceding process
was suspected to represent a phase transformation or some
form of structural rearrangement [4]. Lu et al. [5] reported a
solid-solid phase transition to a metastable phase (Meta-
TKX-50) at about 180 °C, which was detected with Raman
spectroscopy and TGA-DSC. The authors concluded that
Meta-TKX-50 is formed by the rotation of NH3OH

+ with 3%
volume expansion, a crystal symmetry reduction from P21/c
to P-1, and a slight change of specific heat capacity. The lat-
ter shall be the main reason that the phase transition was
overlooked in past measurements.

Temperature resolved powder XRD measurements per-
formed by Jia et al. [6] revealed an anisotropic thermal ex-
pansion of TKX-50 with a negative thermal expansion co-
efficient (CTE) of the lattice parameter a. The contraction

was attributed to a distortion of the six-membered ring re-
sulting in H-transfer between the cation and di-anion. Be-
sides, changes in diffraction patterns were monitored up to
six hours at temperatures between 190 and 198 °C with
in situ isothermal X-ray diffraction. The investigations re-
vealed primary decomposition of TKX-50 with an emerging
intermediate product diammonium 5,5’-bitetrazole-1,1’-dio-
late (ABTOX, CCDC 1567754).

The structural response of TKX-50 under high pressure
up to 10 GPa was examined by Dreger et al. [7] by means of
synchrotron single-crystal X-ray diffraction. The inves-
tigations revealed a highly anisotropic compression and a
significantly lower volume compressibility than in currently
known energetic crystals. Additionally, anomalous com-
pression with even an expansion of the lattice parameter a
upon compression to ~3 GPa was reported. The authors
concluded that the structural stability of TKX-50 is con-
trolled by strong and highly anisotropic intermolecular in-
teractions, which may contribute to its shock insensitivity.

TKX-50 is synthesized at the Fraunhofer ICT up to kg
quantities and its compatibility with HTPB, paraffin, wax,
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GAP, hexogen, aluminum and isocyanates was tested. Fur-
thermore, TKX-50/paraffin wax/graphite charges were
pressed and characterized in detonation tests [8]. The sub-
stance is still in the focus of current investigations with the
object of developing new high-performance low sensitivity
energetic formulations. In this context the thermal behavior
of TKX-50 was reinvestigated by means of temperature re-
solved X-ray diffraction. The measurements include also
temperatures below room temperature (down to � 80 °C)
and high temperatures up to 200 °C. Moreover, the micro
structure of TKX-50 was investigated by size/strain analysis
and Williamson Hall-Plot. Hence, the results provide a base
for future quality assessment and shall help to the develop
products including high quality TKX-50 crystals.

2 Experimental Section

TKX-50 samples were measured with a Bragg-Brentano dif-
fractometer D8 Advance from Bruker AXS equipped with
copper tube, Ni filter, two 2.5° Soller collimators, variable V6
divergence slit, a temperature device from MRI, and a sili-
con strip detector with 3°2θ detector opening. Diffraction
patterns were monitored between 12 and 50°2θ with
0.05°2θ step width and three seconds counting time per
step. Temperatures were hold constant while capturing the
diffraction patterns (~40 min), and were increased linearly
in temperature steps of 20 K with 12 K/min heating rate.
Temperature cycling were performed due to the program
20/� 80/200 °C. Additionally, room temperature measure-
ments were performed with a standard sample holder and
anti-scatter aperture between 10 and 60°2θ with 0.02°2θ
step width. Besides, the standard reference material SRM
660a [9] was measured under the same conditions and the
geometric peak broadening was parametrized using the
modified Pseudo-Voigt profile.

The diffraction patterns were evaluated by means of
Rietveld-analysis [10] using the program TOPAS from Bruker
AXS [11] and the crystal structure reported by Fischer et al.
[1] The evaluation yields refined lattice parameters, the
mean volume-weighted domain size (LVol-FWHM) and
mean micro strain (ɛ0) of TKX-50 at room temperature. The
lattice parameters were plotted versus temperature and the
coefficients of thermal expansion (CTEs) were determined
by means of regression lines. Furthermore, the anisotropic
diffraction peak broadening was characterized by means of
so-called Williamson-Hall plots [12,13]. Therefore, reciprocal
peak widths β*=β/λ cos θ are plotted versus reciprocal lat-
tice distances d*=2/λ sin θ, where β, d, 2θ and λ are the
diffraction line widths, lattice distances, diffraction angles
and the wavelength of the X-ray radiation.

3 Results and Discussion

3.1 Crystal Structure

Figure 1 depicts three elementary cells of TKX-50, which
were generated using the crystal data reported by Fischer
et al. [1]. The ions arrange within (horizontal) layers parallel
to the (010) plane. The shortest H-bonds with 1,714 Å and
2.184 Å occur within these layers followed by H-bond
lengths of 2.359 Å and 2.497 Å between the layers.

X-ray diffraction measurements identified the expected
crystal structure by comparison with calculated patterns of
the crystal structure data of CCDC 872232 (298 K), but yield-
ed strongly enhanced intensities of the reflection (020),
(040), and (060). The differences represent a preferred ori-
entation of crystals, which is typical e.g. for platelets that
orientate parallel to the sample surface during preparation.
Comparing the preferred orientation to the model in Fig-
ure 1 revealed that during crystallization TKX-50 crystals
grew fast along the (010) layers, but slowly perpendicular to
the (010) crystal faces. Hence, samples were ground in or-
der to reduce the preferred orientation during sample prep-
aration. Moderate Rietveld fits were achieved with the
ground samples (e.g. Figure 2), but still with some differ-
ences of the peak intensities at 15.13°2θ (020) and 30.52°2θ
(040) and a slight misfit of the peak (031) at 26.62°2θ. The
refinement eventually resulted in a weighted pattern error
of 18.2 and 19.9, when using CCDC 872231 and 872232, re-
spectively. Refined lattice parameters of a, b, c, and β were
5.439 Å, 11.720 Å, 6.546 Å, and 95.09°, respectively, and the
crystal density was calculated to 1.887 gcm� 3, which is
slightly higher than the reference value of 1.877 gcm� 3 giv-
en in CCDC 872232 (Table 1). The micro structure analysis
yielded a volume-weighted domain size of 5.4 μm and a mi-
cro strain value ɛ0 of 0.00033. That means that approx-

Figure 1. Schematic drawing of TKX-50 with three elementary cells
and the arrangement of the cations and anions. The drawing is
based on the crystal structure data reported by Fischer et al. [1].
View is along the z axis.
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imately no size broadening of diffraction peaks occurred in
the TKX-50 sample but a moderate micro strain.

3.2 Thermal Expansion of TKX-50

The waterfall plot of Figure 3 depicts diffraction patterns of
TKX-50 measured with the temperature program 20/� 80/
200 °C (bottom to top). Peak shifts represent the thermal
expansion and contraction of the crystal structure during
cooling and heating. The bend at the sixth lowest pattern
represents the minimum of the temperature cycle at
� 80 °C. A phase transition, which would be identified by
disappearing and emerging new peaks, was not detected.

The lattice parameters of TKX-50 are plotted versus tem-
perature in the Figures 4 and 5 and the relative linear co-
efficients of thermal expansion (CTEs) are summarized in
Table 2. The TKX-50 structure expands anisotropically with a
strong thermal expansion of the lattice parameter b with
7.242 10� 5 K� 1, a medium expansion of c with 4.197 10� 5 K� 1

versus a slightly contracting lattice parameter a with neg-
ative CTE of � 1.734 10� 5 K� 1. As lattice parameter a runs
through a slight bent at ~50 °C, the CTEs of the left and the
right branch were evaluated separately, which resulted in a

Figure 2. X-ray diffraction pattern of TKX-50 (black), fitted pattern
(light grey), differences (grey) and position marker of the calculated
structure (bottom).

Table 1. Reported and measured crystal structure data of TKX-50.

CCDC 872231 CCDC 872232 this work

Temperature, [K] 100(2) 298 293
Lattice parameters
a, [Å] 5.4872(8) 5.4408(6) 5.439
b, [Å] 11.5472(15) 11.7514(13) 11.720
c, [Å] 6.4833(9) 6.5612(9) 6.546
β, [°] 95.402(12) 95.071(11) 95.09
Cell volume, [Å3] 408.97(10) 417.86(9) 415.7
Density, [g cm� 3] 1.918 1.877 1.887
Domain Size, [μm] – – 5.42
Micro strain, [ ] – – 0.00033

Figure 3. Section of a waterfall plot of diffraction patterns of TKX-50
measured with the temperature program 20/� 80/200 °C with 20 °C
steps (bottom to top).

Figure 4. Lattice parameters a, b, c of TKX-50, monitored during cy-
cling between � 80 and 200 °C.

Figure 5. Volume of the elementary cell of TKX-50, monitored dur-
ing cycling between � 80 and 200 °C.
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highly negative CTE of � 3.689 10� 5 K� 1 in the low temper-
ature region and an approximately constant parameter
above 50 °C. Quantitative analysis of the patterns revealed a
concentration of 1 wt% of the intermediate decomposition
product ABTOX (CCDC 1567754) at 200 °C and 5 wt% after
cooling to room temperature. So far, the investigations
showed qualitatively the same thermal behavior as re-
ported by Jia et al. [6] (Table 2), but monitor also the tem-
perature range between room temperature and � 80 °C and
high temperatures up to 200 °C. The most striking differ-
ence however is that the CTEs are found at about one order
of magnitude higher as reported. Moreover, a slight bent of
a lattice parameter was observed, the latter became visible
through the extended temperature range, and micro struc-
ture parameters, related to the internal crystal quality, were
determined at room temperature.

3.3 Anisotropic Peak Broadening

Figure 6 depicts a calibrated indexed Williamson-Hall plot
of TKX-50. For interpretation the following properties of

Williamson-Hall plots are considered. Provided that crystal-
lite size or micro strain would be isotropic and no strain
broadening occurred, the reciprocal peak widths (β*) would
lie on a horizontal line intercepting the y-axis at the inverse
of the mean linear crystallite size t. In the same case but
without size broadening the values would lie on a straight
line through the origin with the integral breadth ξ of the
strain contribution as slope. However, particle size and
strain broadening both can be present and anisotropic with
diffraction order, which results in significant deviations/fluc-
tuations in the Williamson-Hall plots. A straightforward sol-
ution can be to use the same set of reflection planes with
several orders of reflection [14].

A variety of energetic materials has been investigated
with this method, amongst them HMX, RDX, CL-20, FOX-7,
FOX-12 and ADN [15,16] and the current results of TKX-50
are discussed in this context. Figure 6 shows the wedge-like
scattering of a highly anisotropic structure. The distribution
contains two pairs of peaks (020)/(040) and (011)/(022) that
belong to the same set of reflections. The reciprocal peak
widths of (020) and (040) arrange at the bottom of the dis-
tribution in the Williamson-Hall plot with a comparably low
slope of 0,11 of the regression line, whereas the peaks (011)
and (022) arrange at the upper rim of the distribution with
a significantly higher slope of 0,32. Both lines intersect the
y-axis at negative values, which physically does not make
sense and seem to be attributed to the calibration proce-
dure. It, however, is an indication for the absence of sig-
nificant size broadening.

Hence, the Williamson-Hall analysis revealed that the
(010)-layer structure shown in Figure 1 is not affected by
significant micro strain or defects such as stacking faults.
Such kind of layer structures were also reported for FOX-7
and ADN, where the layers are discussed to be responsible
for the low sensitivity by providing slip systems for strain
release, but on the other hand may cause mechanical and
thermal stability problems when connected to high micro
strains as reported for ADN [17]. Thus, the results give raise
to the hypothesis that the layer structure support the low
sensitivity of the energetic material but without impairment
of its mechanical stability.

4 Conclusion

TKX-50 is in the focus of current investigations, with the ob-
ject of developing new high-performance low sensitivity
energetic formulations. Therefore, the thermal behavior of
TKX-50 was reinvestigated over an extended temperature
range. The investigations prove phase stability and volume
continuance between � 80 and 180 °C, which should en-
close most temperature requirements of future application
scenarios. Besides, the micro structure of the TKX-50, syn-
thesized at the Fraunhofer ICT, was analyzed and parame-
ters are discussed to support a low sensitivity and mechan-
ical stability of the substance. Hence, the detailed

Table 2. Coefficients of thermal expansion (CTEs*) of TKX-50.

Lattice parameter this work
[10� 5 K� 1]

Jia et al. [6]
[10� 6]

a � 1.734 � 1.04635
<50 °C � 3.689
>50 °C 0.004
b 7.242 5.56149
c 4.197 4.76293
β � 1.860 � 1.92479
spec. Vol. 9.996 2.2973

* evaluated relative to the primary value at room temperature

Figure 6. Indexed Williamson-Hall plot of TKX-50 at room temper-
ature.
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characterization of the thermal expansion behavior and mi-
crostructure shall be used as a base for ongoing develop-
ment, refinement and quality assessment of TKX-50 grades
and TKX-50-containing products.

Abbreviations

ABTOX Diammonium 5,5’-bitetrazole-1,1’-diolate
ADN Ammonium dinitramide
CCDC Cambridge Crystallographic Data Centre
CL-20 Hexanitrohexaazaisowurtzitane
CSD Cambridge Structural Database
CTEs Coefficients of thermal expansion
FOX-12 Guarnyl ureadinitramide
FOX-7 1,1-Diamino-2,2-dinitroethylene
GAP Glycidyl azide polymer
HMX Cyclotetramethylene tetranitramine, high ex-

plosive
HTPB Hydroxyl-terminated polybutadiene
ICT Fraunhofer Institut für Chemische Technologie,

Pfinztal, Germany
RDX Cyclotrimethylene trinitramine, high explosive
SRM Standard reference material
TGA-DSC Thermogravimetry-differential scanning calorim-

etry
TKX-50 Dihydroxylammonium 5,5’-bistetrazole-1,1’-dio-

late
XRD X-ray diffraction
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