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Abstract. TATB (1,3,5-triamino-2,4,6-trinitrobenzene) is a widely used insensitive high-energy explosive. It is significant to study its structural evolution in order to get a credible understand of its properties and performances. Direct
mechanical tests such as hardness tests are useful approaches to get information about its mechanical properties and shed
light upon the microstructures. However, due to the poor solubility of TATB to most solvents, it is hard to produce large
crystals for such tests. Fortunately, microcosmic approaches such as powder diffraction can reinforce it and has low
requirement on samples. In this study, series of in-situ neutron diffraction experiments under different pressures are
performed to investigate the structural change and mechanical properties of TATB. The recently reported phase transition
at 4 GPa is studied. The microstrains in normal TATB (12–17 lm) are analysed to reveal the information of slip system
and transitional process. The lattice parameters and bulk moduli of TATB under different conditions are given. These
neutron diffraction results are significant supplement to correlative studies and will help to understand the performances of
TATB, such as deformation and phase transition.
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Introduction

1,3,5-Triamino-2,4,6-trinitrobenzene (TATB) is a kind of
widely used insensitive high-energy explosive. It is
favoured in military and civil domains for its extraordinary
insensitivity to hazardous stimulus, such as heat, impact,
spark and friction [1]. It is significant to get a good
knowledge about TATB’s mechanical property, but few
experimental results about this are given. Mechanical
property is related to the ability of resisting deformation [2].
Direct method such as hardness test is a good way to know
the mechanical property of materials. It can also reveal
information of microstructure. The hardness test of
HMX—another explosive famous for its high-energy
density—reveals its slip systems, which is important
information in studies of damage and aging [3]. However, it
is very hard to produce fine TATB crystal, which is large
enough for direct mechanical tests due to its poor solubility
to most solvents. Powder diffraction is another way to
provide information of mechanical properties and
microstructure of materials. Results of neutron powder
diffraction study about HMX have shown good consistency

with its hardness tests in aspects of slip systems [4]. The
pressure under which HMX begins to crack is also naturally
connected with the hardness number of HMX.
Meanwhile, diffraction is a powerful method to detect the
lattice structure. In ambient condition, TATB exhibits a
triclinic-layered structure formed by planar molecules [5].
For a long period, it is debatable whether TATB has phase
transition under high pressure. TATB was presumed to
retain its ambient lattice structure up to 66 GPa, based on
multi-crystal X-ray diffraction [6,7]. Infrared spectrum
showed similar results up to 40 GPa [8]. Calculating work
also approved its structural stability [9]. However, Raman
spectrum revealed two subtle phase transitions at 28 and 56
GPa, which related to the changes of electronic structure
[10]. Along with the development of characterization
methods, TATB was found undergoing phase transition at a
much lower pressure in some recent research. Raman
spectrum showed an electronic structural change at 5 GPa
related to rotation of nitro and amino groups [11]. Singlecrystal X-ray diffraction (SXD) accomplished by Steele
revealed a new monoclinic phase above 4 GPa [12]. In
addition, Kohno’s molecular dynamics and first-principles
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calculations predict obvious changes of relative position of
neighbour TATB layers below 4 GPa [13]. The high pressure monoclinic phase reported by Steele involves in-plane
shifts of the TATB molecular layers with respect to the
ambient structure. Coincidentally, the structural changes
predicted by Kohno’s calculations also involve relative
displacement of neighbour TATB layers.
In this article, series of in-situ high pressure neutron
diffraction experiments are displayed to study the structural evolution of TATB. The microstrains on the basal
plane are analysed and the slip direction is proposed. The
interlayer shifting process of TATB lattice structure from
ambient phase to high pressure phase is also presumed.
The change in mechanical property caused by low temperature and polymer binder are discussed. These neutron
diffraction results will help us to know the better structural
change of TATB under pressure and supplement correlative studies.

2.

Materials and methods

Information of microstructure obtained by diffraction methods such as microstrain and apparent size reveals the complicated anisotropy of energetic materials [14]. Microstrains
and apparent sizes obtained from integral breadths of
diffraction patterns are defined as volume averages of strains
and sizes of the crystallites in the target. Microstrains are
related to fluctuations of the periodic structure, which reflect
the deviation of lattice spacing between actual target and
perfect crystals. Apparent sizes are average domain sizes
normal to the appointed planes, related to the morphology of
crystallites in the target. According to Scherrer formula, the
integral breadth induced by size effect is inverse proportion of
the apparent size. Thus size broadening can be ignored if the
crystallites are too big. Generally, it is believed that the
apparent size obtained by diffraction is accurate below 100
nm, although it may change with instrument resolution [15].
Neutron has good penetration ability compared with X-ray
and electrons. In the detecting area, neutron diffraction
contains much more crystals than X-ray diffraction and
electron diffraction. The abundant quantity of target brought
by this ensures the statistical reliability, which is good for
analysis of microstrains. The neutron diffraction experiments
in this work are performed on Fenghuang neutron powder
diffractometer at the Institute of Nuclear Physics and
Chemistry.
To make it easy for readers, here we use experimental I,
II, III and IV to mark the different experiments we have
done.
Experimental I is in-situ high pressure neutron
diffraction of TATB-d6 at 4 GPa and room temperature
(25°C). TATB-d6 is full-deuterated TATB which is meant
to improve the signals of H-atoms in TATB. Hydrogen
induces strong incoherent elastic neutron scattering, which
increases the background and possibly buries the signals
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of other elements. By replacing hydrogen with deuterium
this problem can be solved. The device used here is a
Paris-Edinburgh (PE) cell. The core part of the PE cell is
a couple of diamond anvils imbedded in tungsten carbide
bases. The diamond and tungsten carbide induces extra
signals in the diffraction patterns but can be distinguished. Sample used in the PE cell is about 150 mg.
Experiment II is in-situ high pressure neutron diffraction
of normal TATB from ambient to 760 MPa at 25°C. This is
simply accomplished by a Ti/Zr alloy barrel and a fitted
tungsten carbide piston. The inner radius of the barrel and
the radius of the piston is 10 mm in experiment II. It allows
for 1.5–2 g of TATB sample. This quantity of sample is
enough to support the analysis of microstrains. The neutron
coherent scattering length of the Ti/Zr alloy is made to
approximately zero, which means it is neutron transparent.
But the piston is used to push on the sample and have to be
rigid materials to avoid deformation. The tungsten carbide
piston used here will induce extra signals but can be
distinguished.
Experiments III and IV are parallel experiments to study
the influence of low temperature and polymer binder.
Experiment III uses a combination of temperature and
pressure. The TATB powder is kept at 10°C to undergo
pressure from ambient to 660 MPa. The low temperature
is accomplished by cooling water around the pressure
device. The pressure is also accomplished by a Ti/Zr alloy
barrel and a fitted tungsten carbide piston but the radius is
12 mm, because the 10 mm suits is damaged after
experiment II finishes. Experiment IV involves TATBbased polymer bonded explosive (PBX). As pure TATB is
hard to mould, PBX is a common way to use TATB in
practice. The PBX powder is kept at 25°C to undergo
pressure from ambient to 660 MPa. The PBX sample used
in our experiments is composed of 95% TATB and 5%
fluorine rubber. By comparing the experiments II, III and
IV, we can get a direct idea of the change in structural
evolution under pressure caused by low temperature and
polymer binder.

3.

Analysis

Rietveld refinement is done for experiments II, III and IV
by using Thompson-Cox-Hastings pseudo-Voigt function
[16,17]. To understand the change of microstrains under
pressure, the anisotropic strain broadening is refined for
experiment II. The orientation caused by pressure is characterized using the modified March’s function [18]. The
anisotropic strain broadening is modelled using a quartic
form in reciprocal space [19]. It originates from an interpretation of strains related to static fluctuations. The relevant variable for diffraction patterns is the squared inverse
of the lattice spacing, which is a function of the cell
parameters and the Miller indices:
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Figure 1. Experimental neutron powder diffraction pattern of
TATB-d6 at 4 GPa compared with calculated patterns of its
triclinic P-1 phase and monoclinic I2/a phase.

Mhkl
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Figure 2. Experimental patterns of TATB measured by in-situ
neutron powder diffraction from ambient pressure to 760 MPa.

For the triclinic case [20], it converts to

1
¼ 2 ¼ Mðai ; hklÞ
dhkl

ai can be direct or reciprocal cell parameters or, in general, any set of six parameters defining the metric of the unit
cell. Here we note it as:


r2 ðMhkl Þ ¼ h2
¼
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According to the Bragg law, variance of 2h induced by
microstrains relates to variance of Mhkl by:

 2
2
r2 ð2hÞs ¼ r2 ðMhkl Þ=Mhkl
tan h

By calculating the covariance matrix, we can get the
information of the root-mean-square strain (RMSS).

Thus the broadening of the reflections can be governed
by the variance of Mhkl given by
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The result of experiment I is shown in figure 1. The
neutron powder diffraction pattern of TATB-d6 obtained
at 4 GPa is compared with calculated patterns of the
triclinic P-1 phase and monoclinic I2/a phase reported by
Steele. Calculated patterns of diamond and tungsten
carbide are also displayed in figure 1 to distinguish the
extra signals caused by the core of PE cell. Extra signals
brought by diamond and tungsten carbide are signed by
‘D’ and ‘T’ in the experimental pattern, respectively. The
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Figure 3.

Bull. Mater. Sci. (2021)44:53

Strain distribution under different pressures on the XY plane. (a) h C 0 and k C 0. (b) h C 0 and k B 0.

experimental patterns at 4 GPa are seriously textured due
to the pressure. But it still agrees more with high pressure
I2/a phase.

Patterns of experiment II together with calculated patterns of TATB and tungsten carbide are shown in figure 2.
Calculated patterns of TATB and tungsten carbide are
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Lattice parameters of TATB in different conditions.

Figure 5. Unit cell volume of TATB measured in different
conditions.

displayed on the bottom. Extra signals of tungsten carbide
are signed by ‘T’. Intensity change brought by texture and
broadening brought by strain occurs after pressure is loaded.
The R-factors and v2 are getting better after the refinement
of RMSS as listed in table 1.
As TATB molecular layer lies on XY plane in P-1 phase,
(001) plane can be regarded as basal plane when analysing
the strain distribution. To find the dominant planes
involving strains, the RMSS on the (001) plane is calculated
in the refinement of the diffraction patterns in experiment II.
Figure 3a and b shows the distribution of RMSS on the XY
plane when h C 0, k C 0 and h C 0, k B 0, respectively. Smax
is the so-called maximum strain related to the RMSS by a
constant factor. The Miller indices in figure 3a and b are
orderly arranged according to the crystallographic direction.
Figure 3a shows that value of Smax decreases gradually from
plane (010) to plane (100), indicating the probable shifting
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Figure 6. TATB molecule (left) and its layered structure (right) in ambient condition. Hydrogen is white, carbon is grey, nitrogen is
blue and oxygen is red.

Information of the unit cell volume is shown in figure 5.
The bulk modulus at zero pressure of TATB is 17.5 GPa at
25°C and 22.8 GPa at 10°C, respectively. The bulk modulus
at lower temperature is higher than that at room temperature. Conversely, the zero pressure bulk modulus of TATBbased PBX is 16.7 GPa at 25°C, lower than TATB in the
same condition.

5.

Figure 7. Supercell of TATB under 4 GPa reported by Steele,
displayed in I2/a space group.

direction is along the normal of plane (010). The general
decrease of strain from 380 to 570 MPa in figure 3a is
considered as company effects of what happens in figure 3b.
Normally, strains increase simultaneously with the pressure.
But in figure 3b, Smax on (1–10) increases before 380 MPa
and then quickly releases between 380 and 570 MPa. This
abnormal release of strain is related to formation of
microcracks. The difference between shifting direction and
slip direction is that strain in shifting direction is dominant
all the way, while strain in slip direction is only dominant
just before cracking.
Figure 4 shows the comparison of lattice parameters
obtained in experiments II, III and IV. Major change caused
by pressure is found in c-axis among the three axes. The low
temperature brings great changes in a-axis, while the
polymer binder has slight influence on it. Among the three
angles, a dominant change is found in a other than b and c.

Discussion

In ambient condition, TATB molecules are approximately
planar and form a layered structure of space group P-1,
shown in figure 6 [5]. The graphite-like structure turns out
that its property is similar to graphite in some aspects. The
structure of the molecular layer is stable due to the strong
intra-layer interaction. But the inter-layer interaction is not
so strong, leading to the possibility of relative movement
between the neighbouring layers. Structure of the high
pressure phase TATB reported by Steele is shown in
figure 7 [12]. The TATB molecule is still approximately
planar. The layered structure still exit, but relative displacement occurs between the layers.
As shown in figure 1, the neutron diffraction pattern of
TATB-d6 at 4 GPa present serious texture, which influences
the intensity. Similar phenomenon happens in X-ray powder
diffraction as reported by Steele in supplementary materials
[12]. In Sun’s work, the detailed information of TATB
lattice under pressure also approves the existence of a
structural change at 4 GPa, although they do not emphasize
it. The evolution of lattice parameters exhibits a slight break
at 4 GPa. The (002) peak of P-1 phase shifts quickly below
4 GPa and then slows down above 4 GPa. The (1-31) peak
lays over the (002) peak around 4 GPa [11]. Above all,
single-crystal diffraction is the direct way to obtain lattice
structure, while powder diffraction mostly concerns the
changes based on the initial lattice structure. In a word, we
support that TATB has a phase transition at 4 GPa.
The direction of the in-plane shift of TATB lattice is
presumed to be normal to (010) plane in the range of
ambient pressure to 760 MPa, based on the result of figure 3a. To see whether this presumption of shifting direction
is applicative at higher pressure, we compared the spatial
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Figure 9.

Figure 8.
TATB.

Structural comparison of P-1 phase and I2/a phase of

structure of ambient P-1 phase and high pressure I2/a phase
in figure 8. I2/a structure is shown in purple, and P-1
structure is multi-coloured. Figure 8a shows an ensemble of
6 layers from each phase on the YZ plane, labelled with L1,
L10 , L2, L20 , L3, L30 , respectively. Figure 8b contains
comparison of each corresponding molecular layer on the
XY plane. The cells in figure 8a and b are both in P-1 form.
Lattice of I2/a phase is cleaved along the (101) plane to suit
the cell. Direction vectors [11–1] and [–111] in I2/a phase
are related to [100] and [010] in P-1 phase, respectively.
Displacement of the L1 layers on the XY plane is set to be
zero. There is no shift on the first two layers L1 and L10 . But
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Relation of a angle and [010] in TATB lattice.

for the rest, obvious shifts along the normal of (010) are
observed. L2 and L20 both shift for a length of Dd, while L3
and L30 shift for 2Dd. The rule is that a displacement of
Dd is found every two layers, where Dd & 1.43 Å.
Although the presumption about shifting direction is
derived from results at lower pressure, it is consistent with
the structural change at 4 GPa. The transitional process of
structural change is significant in the study of transition
state theory. Only by knowing the detailed transitional
process we can confirm the correlative atoms before and
after structural changes. And then the energy change along
the transitional path and the energy barrier of the transition
can be calculated [21].
The abnormal release of strain shown in figure 3b is
similar to that happens in the (001)[100] slip system of
HMX [5]. When shear stress applies on the slip plane, the
molecules slips along the direction of Burgers vector. The
strain in the slip direction will increase and the energy will
be accumulated in the slip system. But after the energy
increases to a critical point, which exceeds the limitation,
the slip will finally form a crack and the energy release as
well as the strain. The slip system (001)[1–10] at the
pressure range of 380–570 MPa is proposed based on the
result. But it should be noticed that there are numerous slip
systems for the low symmetry triclinic lattice of TATB. Our
study is just providing a possibility as there are few existing
experimental data in this domain.
The comparison of lattice parameters in figure 4 shows
the dominant change is along c-axis among the three axes. It
is reasonable due to the layered structure of TATB. The
space between the layers is easier to be pressed compared
with the other two directions. And among the three angles,
the dominant change is found in a angle other than b and c.
A similar work, in which TATB powder and TATB pellet
(pressed powder) going through heat treatment, is reported
by Yeager et al [22]. They also found the change brought by
compression is accounted for by a angle and a slight shift is
found in b angle, which is consistent with our result. In a
word, a angle exhibits great changes in both heat and
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compression treatments, while b angle is dull to both heat
and compression. The reason why a angle generates great
change is connected with the previous presumption of the
shifting direction in TATB lattice. As shown in figure 9,
when the TATB shift along [010], a angle suffers great
change. Another obvious change is that a-axis is expanding
on compression for TATB at 10°C. The reason is considered as transformation of the lattice shape rather than
expansion, because the volume is still shrinking on compression for TATB at 10°C, as shown in figure 5. Two
reasons will cause the expanding of a-axis, the increase of
d100 and the increase of c angle. As d100 will shrink when
the pressure is increasing, the reason of the a-axis
expanding on compression for TATB-10°C is the increase
of c angle, which is consistent with the experimental results
at the bottom right corner of figure 4.
The volume change, in figure 5, indicates that TATB is
turning rigid at lower temperature. This means TATB is
more resistant to mechanical stimuli at lower temperature.
Vlasov’s study also shows that the threshold initiation
pressure of TATB is higher at lower temperature, which
means TATB is more insensitive to shock waves [23]. The
TATB-based PBX is easier to deform compared with
TATB. But the material has changed with its compositions
here. As is known, the polymer bind is a typical soft matter.
It is reasonable that the average bulk modulus of TATB and
polymer binder is lower than pure TATB. And the
deceasing in bulk modulus here do not necessarily relate to
the increase in sensitivity. Conversely, the polymer plays a
cushion-like role to buffer and uniformly distribute the load,
which also improve the safety of explosives.

6.

Conclusions

The structural evolution of TATB under pressure is studied
by neutron diffraction. The neutron powder diffraction of
TATB-d6 at 4 GPa tends to support the view that phase
transition occurs at this pressure. The microstrain of TATB
from ambient pressure to 760 MPa is studied. The shifting
direction of TATB layers under pressure is the normal of
(010) plane. And this is supported by analysis of lattice
parameters. The TATB molecular layers shift along the
normal of (010) plane with a step of 1.43 Å every two layers
from the ambient P-1 phase to the high pressure I2/a phase.
This discovery may help correlative studies in transition
state theory. An abnormal phenomenon of strain release is
found on (1–10) plane in the range of 380–570 MPa, which
is similar to that happened in the slip system of HMX.
Based on this we propose a slip system (001)[1–10] of
TATB. It is significant experimental result, as mechanical
tests can hardly be performed due to requirement of sample.
In addition, the low temperature increases the bulk modules
of TATB, which make it more resistant to mechanical
stimuli, while the polymer binder in TATB-based PBX
brings a converse effect. These neutron diffraction results

Bull. Mater. Sci. (2021)44:53
will lead to a better understanding of the deformation and
phase transition of TATB.
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