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Abstract 

An examination has been made of the defect structure of crystals of the 

energetic material β-cyclotetramethylene-tetranitramine (HMX) using both 

Laboratory (Lang method) and Synchrotron (Bragg Reflection and Laue 

method) techniques. The results of the three methods are compared with 

particular attention to the influence of potential radiation damage caused to the 

samples by the latter, more energetic, technique. The comparison shows that 

both techniques can be confidently used to evaluate the defect structures 

yielding closely similar results. The results show that, even under the relatively 

casual preparative methods used (slow evaporation of unstirred solutions at 

constant temperature), HMX crystals of high perfection can be produced.  The 

crystals show well defined bulk defect structures characteristic of organic 

materials in general: growth dislocations, twins, growth sector boundaries, 

growth banding and solvent inclusions. The distribution of the defects in 

specific samples is correlated with the morphological variation of the grown 

crystals. The results show promise for the further evaluation and 

characterisation of the structure and properties of dislocations and other defects 

and their involvement in mechanical and energetic processes in this material.  
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1 Introduction 

The mechanical and crystal growth properties of materials are dependent upon 

not only their atomic structure, but also on the defects that the crystalline form 

contains. Whilst this is very well understood for simple materials such as 

metals, for more complex solids such as organic phases, the correlation between 

defect structure and mechanical properties is less well defined. 

Establishing the defect structure of organic materials can be problematic as they 

have a more complex molecular packing and generally lower symmetry than 

other materials. This will inevitably result in different dislocation behavior to 

other crystalline forms.  Although methods such as electron microscopy and 

etching studies can give information regarding defects emergent at organic 

crystal surfaces, a more complete picture of dislocation and defect distribution 

can only be obtained by using X-ray diffraction topography. [1] 

In addition to the mechanical and crystal growth properties, monitoring defects 

and dislocations within crystals is an important part of understanding their 

subsequent downstream usage. Such studies are proving to be of great interest 

to a wide range of scientific communities studying organic semi-conductors, 

proteins, non-linear optoelectronics and energetic materials. [2-7]  

 

Historically, it had been thought that dislocation “pile-ups” in energetic 

materials could generate “hot-spots” which would contribute to premature 
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ignition, but a pure dislocation “pile-up” mechanism only leads to sub-critical 

hot spots. [8] The nature of internal defects is still important however, 

especially when attempting to understand ignition processes at elevated 

temperatures. [9-11]. At these temperatures, the breakdown in mechanical 

properties and changes within crystalline particulates can affect localised 

ongoing heating and decomposition processes. Thus knowledge of the defect 

structure is essential to understanding later heat driven phenomena.  

The importance of elasticity in crystalline energetic materials has also been 

recognised and is the subject of a recent review [12]. As a consequence, a wide 

range of materials have been studied both experimentally and theoretically. 

There is however a lack of detailed knowledge of the nature and influence of 

inevitably included lattice imperfections on these properties. [13,14] 

 

The internal defect structure of a number of energetic materials has been studied 

(TNT, RDX and PETN [5,6,15-18]. To add to this range of commonly used 

energetic materials, we have studied the dislocation and defect distribution of β-

cyclotetramethylene-tetranitramine (HMX, C4H8N8O8). 

HMX exists in a number of pure polymorphic conformational states, α, β, δ and 

ε [19-25]. It is also found as a hydrated form, γ [26]. The most stable of the 

forms at room temperature is the β form, with a unit cell of a = 0.6525nm, b = 
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1.1037nm, c = 0.7364nm, beta = 102.66°, SG = P21/n (after Eiland and 

Pepinsky and Cady et al [19,20]). 

Previously, a dislocation etching technique [27] was used to investigate crystal 

defects and to define the likely mechanical deformation systems of this material, 

in particular for crystals with a defect density too high for x-ray methods.  Pure 

edge and pure screw dislocations with Burgers vector b = [010] were suggested 

to be the most prominent emergent dislocations. 

A readily introduced twin plane was confirmed to be (101) and a preliminary 

study was made of twin generation under extensive strain to complement 

previous compressive strain studies. [28] Micro indentation and etching studies 

[29] proved that dislocation slip makes a major contribution to the plastic 

deformation of HMX. For crystals with a high defect density, etching is the 

preferred method of study; however, etching methods are restricted to the 

examination of defects formed close to or intersecting the crystal surface. They 

do not provide information on dislocations or other important imperfections 

contained within the bulk.  Provided crystals of high perfection can be grown, 

the technique of X-ray diffraction topography can reveal the general growth 

induced defect structure in the bulk crystal. This allows assessment of the 

variations in internal perfection with growth conditions.  In turn, it allows the 

formulation of conditions for the general improvement of the perfection of 
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product crystals and the better definition of the nature and behaviour of 

mechanically induced defects in the bulk crystal.  

2 Experimental 

2.1 Crystal growth: HMX powder of standard military grade (purity 99.5%), 

obtained from PERME, Waltham Abbey, was purified by multiple 

recrystallisation from distilled acetone (BDH Analar grade).  Approximately 10 

g of purified HMX was dissolved in 500 ml of acetone with constant stirring at 

a temperature just below the boiling point of the solvent.  The solution was then 

allowed to cool slowly to room temperature before it was filtered into 

crystallizing dishes.  A further 25 ml of solvent was added to each dish at the 

same temperature to ensure that the solution was slightly under saturated.  The 

crystallizing dishes were covered and placed in the dark to allow spontaneously 

nucleated growth by solvent evaporation at a temperature of 293 K.  

2.2 Specimen preparation: Only two small crystals were topographed in full. 

Otherwise all samples were prepared for transmission X-ray topography by 

cleaving crystals parallel to the {011} planes, polishing them on an acetone 

soaked cloth and washing carefully in a dish of the same solvent to remove 

surface damage. Alternatively, an entire crystal was thinned by polishing on an 

acetone soaked cloth.   
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2.3 X-ray topography:  

Conventional X-ray Lang topographs, in which the crystal is scanned by a 

collimated x-ray beam, were recorded with an in-house constructed Lang 

Camera.   Images were collected on Agfa Structurix D4 film using a 

monochromatic beam; Copper Kα1 (λ = 0.1541 nm) radiation.  

The linear absorption coefficient, μ, of HMX for this wavelength (Cu Kα1) is 

1.62 x 10
3
 m

-1
. For typical slice thicknesses between 0.75 mm and 1.25 mm, the 

important product μt has a value in the range 1.2 – 2.0.   These absorption 

conditions correspond to the observation of essentially only direct images.   The 

exposure times for recording the crystal images by this technique are lengthy 

and of the order of 12-24 hours.  

Synchrotron X-ray topographs were collected at the STFC Daresbury 

Laboratory, on station 7.6 in projection mode.  The images were recorded on 

Agfa Structurix D4 and D2 film, with a selected wavelength of λ = 0.154 nm for 

the recording of single topographs. The diameter of the synchrotron beam 

(~1cm) and its increased intensity allows the collection of a single topograph in 

the much reduced time of 30 – 300 seconds. An additional feature of the use of 

the full polychromatic beam is that, by using the Laue geometry, several images 

corresponding to different Bragg reflections can be collected in one exposure. 

As will be seen below this facility can be invaluable in the characterisation of 
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defects in the material from the variations in contrast of the images of the 

defects in different Bragg reflections. 

 

3 Results and Discussion 

3.1 Crystal morphology.  

Growth by the described method yielded mainly small crystals of -HMX less 

than 0.5 cm
3
 in size, although larger crystals were also obtained.   The 

dimensions and morphological appearance of the crystals selected for this study 

are summarized in Table 1, along with a diagram of the theoretical Bravais 

Friedel Donnay Harker (BFDH) morphology for HMX (Figure 1). Figure 2 

shows typical examples of as grown crystals of HMX exhibiting the range of 

habits grown in this study. Prismatic crystals with well defined {010} forms 

grew in equant (P1) and elongated (P2) shapes. The tabular (T) forms showed 

dominant {011} faces. Crystals (D) were distorted tabular and were visually 

highly strained.   

 

Occasionally small crystals closely similar to the calculated morphology were 

formed. Otherwise, the majority of crystals were elongated parallel to <100> 

and had a plate-like habit dominated by well-developed {011} faces with less 

important {110}, {010} and  101   forms.  In a small number of crystals, the 
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 101   faces were very small or absent, giving them a more prismatic shape.  

Twinning on {101} planes was prevalent in the smaller crystals, but occurred 

much less frequently for the larger crystals which grow under different 

supersaturation conditions.  Many of the crystals exhibited ‘hopper’ growth on 

the lower faces due to faster growth at the edges rather than the face in contact 

with the bottom of the crystallizing dish. 

 

Such variations in morphology are a regular feature when crystals are prepared 

using this simple method of growth. They result from the inability to accurately 

define or control the supersaturation in the growing system. The dominant 

morphology in this case, which differs from that predicted by theoretical 

calculations (Figure 1) [30-32], is defined by this method of growth. 

 Growth by self-nucleation, as used here, requires that the supersaturation of the 

crystallizing solution increases to a value in excess of that required to initiate 

nucleation. Once the nuclei are formed the supersaturation drops to lower values 

and growth continues. The consequent removal of solute, results in a gradual 

decrease and potential variation in supersaturation and hence a variation in the 

mechanisms and the rates of growth of the crystal faces. Coupled with the usual 

fact that the nucleating and growing solutions are not stirred (to discourage 

multi-nucleation), it is not surprising that wide variations in crystal habit occur. 

Despite this variation the predicted forms are usually always present in all self-
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nucleated crystals as can be seen in the examples shown in Figure 2 and defined 

in Table 1. Thus they all show the characteristic defect structures of the various 

growth sectors.  

The opinion of the authors, based on the comparison of the results of this 

method with better defined growth techniques [33-36]is that the prismatic 

crystals (Figure 2, P1) the morphology of which is closest to the theoretical 

morphological prediction, are representative of growth at lower supersaturation 

and will yield the most perfect crystals. This proposal is consistent with the 

relatively small size and low occurrence of specimens of this morphology. The 

increasing extension in the <100> direction (P2) and eventual dominance of the 

{011} forms (T and D) results from growth at successively increasing 

supersaturations. Such variations result from the onset of growth mechanisms 

that encourage the generation of gross imperfections in the crystal [33-36].  

The solution to this variation is of course to grow crystals by seeded growth at 

constant lower supersaturation and under well-stirred conditions as was done in 

our previous studies of the growth of much larger crystals of TNT, PETN and 

RDX [15-17]. At the time that the present work was carried out it this did not 

prove to be satisfactory. Even delicate modes of supporting the small seed 

crystals caused sufficient damage to induce twins into the seed at the supporting 

point and to yield multiple rather than single crystal growth. There is of course 

no reason why continued work in this area should not be successful.  
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As grown, most crystals were too thick to allow the resolution of individual 

defects using transmission X-ray topography, therefore their thickness had to be 

reduced prior to examination.  Attempts to slice the crystals using a solvent saw 

were unsuccessful as the rate of dissolution perpendicular to the slice plane was 

much faster than the cutting rate of the saw. This resulted in slices that were 

heavily pitted and holed and which cracked upon subsequent handling.   

Ultimately, it was found necessary to thin the larger ad thicker samples as 

described in the experimental section. 

 

3.2 Crystal Perfection 

3.2.1 X-ray topography 

The dominance of the {010} and {011} forms (Figure 1) means that the 

distribution of growth defects is best viewed normal to these faces or from 

slices cut or cleaved parallel to these planes.  Potential x-ray reflections were 

calculated using the unit cell of Cady [20] and the structure factors given by 

Eiland and Pepinsky [19].  Stereographic projections showing the important x-

ray reflections for the two slice orientations, (010) and (011) are illustrated in 

Figures 3a and 3b.    It can be seen from the stereogram shown in Figure 3a that 

numerous potentially useful x-ray reflections are accessible from the (010) slice 

plane.   The location of many low index planes on the edge of the circle 

provides a large selection of high structure factor x-ray reflections making this 
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orientation particularly suitable for the characterisation of defects.   Regrettably, 

only a few small, spontaneously nucleated crystals exhibited this sort of habit 

from which (010) slices could be obtained easily.   In contrast those with 

dominant {011} forms had small or missing {010} faces.   The stereographic 

projection of the {011} slice plane, illustrated in Figure 3b, is consistent with 

the lack of symmetry expected for this orientation and contains no low order 

symmetric reflections at all.  Despite this handicap, with careful control of the 

diffraction geometry, the highly asymmetric  022   reflection was found to 

afford an acceptable view of the defect configuration of crystals sliced on (011) 

planes and was used almost exclusively.  The resulting asymmetry of the 

experimental set-up (Figure 3c), leads to beam compression and hence 

distortion of the diffracted image compared with that expected for an orthogonal 

projection. 

3.2.2 Radiation damage. 

A potential problem with the use of the x-ray topographic techniques is that of 

the effects of radiation damage to the specimens and its influence on the 

interpretation of the results. The use of monochromatic laboratory sources 

presents few problems for most organic materials; including energetic materials. 

As we shall see below, for the most part these materials are sufficiently 

“radiation hard” not to show radiation damage even in the long exposure 
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conditions required. The more sensitive energetic materials must however be 

handled with care when examined with the higher powered synchrotron beam.  

Before proceeding to review the results of the studies on HMX crystals, it is 

appropriate to demonstrate the degree of radiation stability of this material. 

 

Figure 4 shows a series of images reproduced from successive Laue topographs 

taken as a function of time exposure of a full (011) crystal to the full 

synchrotron beam. The thickness of the crystal does not allow the detailed 

reproduction of the defect structure of the specimen. The first image Figure 4a 

from a 7 minute exposure, when enlarged, shows images of dislocations (D) in 

the thinner, more perfect, upper and lower sectors of the crystal. Otherwise the 

image is dominated by the strained areas associated with superposed growth 

sectors (the block structures) and their boundaries. This observation defines 

well the part played by internal lattice strain from both growth sector boundaries 

and potentially, solvent inclusions on the radiation hardness of the material. 

 

A total exposure of 10 minutes (Figure 4b) shows well that a degree of radiation  

damage has initiated by the general darkening and blurring of the image  

particularly in the region of the more highly strained growth sector boundaries.  

The dislocation images in the upper and lower sectors also have lost their  

clarity. 

 



  

14 

 

Progressing to longer exposures (14 minutes total Figure 4c) leads to a complete 

loss in clarity in the dislocation images and a total blurring of the overall image. 

  

From this examination we see that for satisfactory recording of the defect 

structure exposures for either Laue or Bragg reflections should be restricted to 

exposures of no more than 7 – 8 minutes total and ideally as much lower than 

this as is required for the adequate production of a satisfactory image.   

 

During the course of these exposures the initially transparent crystal turned an 

increasingly deeper yellow colour. 

 

3.2.3 Prismatic Crystals  

The prismatic crystals obtained during this study were, in general, small in size 

and few (Table 1). Thinning of the crystals proved difficult due to their shape 

and size.  Lang topographs were taken of one full crystal in an attempt to form a 

link with our previous etching studies of the (010) faces of this type of crystal. 

Unfortunately no detailed characterization can be made of the results but some 

tentative observations can be made concerning the general defect structure  

 

Figure 5a shows the (002) reflection Lang topographic image of a complete 

equant prismatic crystal (HMX 1), (Figure 2, P1). Arrays of bundles of growth 

dislocations emanate from the nucleation point and from the growth sector 
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boundaries between the upward growing  010  sector and the lateral faces. The 

dislocations travel to the lateral bounding facets. The overall dark contrast arises 

from the superposition of the images of dislocations occupying all lateral 

growth sectors in the depth of the crystal. The lighter contrast at the centre is the 

upward growing  010 sector indicated on Figure 5c. Since the nucleation point 

of this crystal will be immediately below the (010) surface there will be no 

superposition of defects in other sectors below this point. There are no other 

major defects than the dislocation bundles visible in this specimen. Figure 5b 

shows the (101) reflection Lang topograph.  As with the previous figure, there 

are dislocation bundles emanating from the central portion of the crystal, 

however, some of the dislocation bundles visible in figure 5a are out of contrast 

in this image, showing that even with self-nucleated crystals, it is possible to 

generate initial defect contrast data. 

 

An elongated prismatic crystal (HMX 8), (Figure 2, P2), was also examined  

using synchrotron Laue and Lang topography.  This crystal was  

more defective than the type P(1) crystal in that distinct solvent inclusions 

dominate the topographic image. This change is indicative that between P(1) 

and P(2) other growth mechanisms more prone to solvent inclusion may have 

come into play to cause this change. The results are more appropriately 

discussed below in the section on Twinning (Figure 9) in which several 

topographs of this crystal are depicted 
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3.2.4 Tabular Crystals.   

The tabular crystals were of a much greater size than the prismatic crystals and 

could be thinned to reveal greater detail of the development of the defect 

structure in the bulk crystal.  

A clearer indication of the general growth characteristics can be seen from the 

image in Figure 6 the lower part of which is well contrasted. This is a (022 ) 

Lang topograph of a complete crystal (Table 1, HMX 3) elongated along the 

<100> direction. Thinning the slice has reduced the overlapping of defect 

images and revealed the general growth history of the crystal in the plane of the 

image. Below the upward growing  011   growth sector lies the nucleation point 

(N) from which extends growth sector boundaries (B) to the edges of the slice. 

These are heavily contrasted as a consequence of the strain built up between the 

differentially growing adjacent sectors and are an inevitable defect in any 

crystal. Also visible in the image are growth dislocations (D). These emanate 

from the central core and propagate within the growth sectors to the lateral 

bounding surfaces. The small defects (area P) in the lower right sector of the 

image are dislocations propagating in the near vertical direction to an upper 

facing surface. Also a regular feature are bands of varying contrast (C) parallel 

to the bounding faces that reflect variations in lattice strain arising from 

fluctuations in growth rate during the growth of the crystal.  



  

17 

 

Despite the appearance of the darker areas across the image that represent 

volumes of gross lattice strain potentially arising from inclusion of solvent, the 

crystal is in general of high perfection.  

The complexity of the relationship between the various underlying sectors in 

this crystal can be judged from the schematic shown in Figure 6(c). A better 

representation of the detailed defect structure can be gained from the 

examination of topographs of adjacent slices in the depth of the crystal. 

 

Figure 7 shows the result of such an examination. Figure 7a (HMX 4) and b 

(HMX 5) are schematic diagrams of the crystal sectioned, their shapes and 

crystallographic orientations. To demonstrate the relationships between the use 

of the Laboratory and Synchrotron techniques we compare Lang and 

synchrotron Bragg (022 ) topographs for equivalent samples. 

Section (a) 2 is the lower (first crystallised) section of crystal HMX 4 (Figure 

7a). At the centre is the nucleation point (N) of the crystal from which the 

morphology develops. This is always the most defective part of the growing 

crystal where it develops from a disordered nucleus to an ordered matrix. From 

this radiates the growth sector boundaries (B); the principal of which are the 

four black lines which emanate from the region of the nucleus. These surround 

the upper facing sector. Others can also be discerned facing towards the 

principal bounding faces: the lateral growth sectors. From the nucleation point 

many dislocations (Fine lines) emanate and travel to the growing faces. Their 
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number and character (edge, screw, or mixed) determine the growth rate of the 

crystal and hence its morphology. It is not possible to characterize fully the 

dislocations from this one image but dislocations that propagate normal to the 

crystal faces are likely to be of edge or screw character. Angled dislocations, by 

far the most present, will be of mixed edge/screw character. Other dislocation 

configurations can be found for example, the V shaped configurations in the 

right hand sector. These can be generated at inclusions, at points in the growth 

sector boundaries or other major defects in the crystal. Their V shape reflects 

their (structural) “positive and negative” character; one of each character having 

to be formed for balance in the perfect lattice.  Again, present is Growth 

Banding, lines of varying contrast parallel to the crystal faces which can be seen 

in all the lateral sectors. Of particular interest is the dark area (X) at the top 

centre edge of the image. This is an area of mechanical damage consisting of 

overlapping bundles of dislocation loops punched into the crystal during the 

cleaving of the specimen from the original crystal. This testifies well to the easy 

introduction of dislocation slip as a major contribution to the mechanical 

deformation properties of HMX. 

In contrast image Section (a) 1 looks more promising and appears to be much 

more perfect. It contains predominantly the upper facing (011) growth sector; 

reflected by the incomplete hexagon of darker contrast of the growth sector 

boundaries surrounding the central area of the image. The second longer side 
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has been eroded in the preparation of the specimen. Several points should be 

noted: 

1. Along the lower edge of the crystal can be discerned a faint linear pattern. 

This is the eroded image of the missing lower boundary of the upper growth 

sector.  

2. The end growth sectors are much more perfect than in the lower slice but 

some dislocation images are apparent in the left hand sector.  

3. There are many dislocation images in the narrow (010) sector at the top side 

of the image; all of these are dislocations lie at high angles to the bounding 

surface. 

4. The main (011) sector shows a variable contrast consistent with a variation of 

elastic strain in the sample. Of more importance however is the observation of a 

number of short parallel line images at a high angle to the surface. These are 

potentially images of dislocations crossing the sample from below and which 

would emerge on the upper (011) face. This speculation will be verified below 

by examination of the synchrotron radiation topographs of the same specimens. 

Section (b) 3 is the equivalent slice to section (a) 1.  Although it shows only half 

of the crystal, it is much less eroded at the upper edge and the defect structure of 

the (010) sector is well defined. An enlarged image shows dislocation images of 

three types; the majority at angles of approximately + and - 30° to the surface 

and a few normal to the surface. The former are of mixed character and the 
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latter of either edge or screw character. At C are dislocations propagating 

upwards in the slice at a high angle.  

Overall, we have a situation where the greatest density of growth dislocation, 

are propagating from the nucleation point in and to the growing extreme of 

those sectors having a growth vector on the <100> directions. In the lateral 

directions the sectors contain many fewer dislocations. It is perhaps not 

surprising that the general morphological development is an elongation in the 

<100> direction. 

 

3.2.5 Synchrotron Radiation Topographs 

The following images in Figure 7 are Synchrotron Bragg reflection topographs 

of the same crystal as used for the foregoing Lang topographs. They all show 

the same basic defect structure but the synchrotron topographs show some 

additional detail arising from the slightly different x-radiation wavelength used 

for the exposures.  

In Synchrotron Section (a)1 the contrast of the image has changed from that in 

Section Lang a(1) The more precise short dark lines in the upper sector can be 

more confidently accepted as dislocation alignments. Also, the narrow band of 

the upper sector has become clearer and the dislocations here are more obvious. 

They can now be seen to have the same alignment as in the clearer equivalent 

sector in Lang (b) 3 and Synchrotron (b) 3 
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The change in contrast has also “cleaned up” the bundle of mechanically 

induced dislocations in the upper sector of Section (a) 2 where they now appear 

as separated images. There are other subtle variations in the general picture of 

gross imperfections such as sector boundaries and inclusions. 

From this comparison it be seen that the two topographic techniques have the 

complementary power to yield an immense amount of information on the 

growth defect structure of crystals and its relationship to growth conditions. 

In the case of HMX we have a situation where the greatest density of growth 

dislocations are propagating from the nucleation point in and to the growing 

extreme of those sectors having a growth vector on the <100> directions. In the 

lateral directions the sectors contain many fewer dislocations and appear to be 

more perfect. It is perhaps not surprising that the general morphological 

development is an elongation in this direction. The crystals show a high degree 

of inclusions, growth banding and strain across the growth sector boundaries 

particularly in those sectors propagating in the faster growing <100> directions. 

This implies that under the conditions that yield tabular crystals directions faces 

with a growth vector in the <100> propagate not only by dislocation 

mechanisms but by a gradually increasing contribution from  two-dimensional 

or rough growth mechanisms that are known to lead to the formation of solvent 

inclusion. [37] Such a conclusion is consistent with the observed significant 

departure from the theoretically predicted Donnay-Harker morphology form to 

which the prismatic crystals approximate. Recent studies, both practical and 
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theoretical support this conclusion both generally and more particularly in the 

case of HMX. [38,39] 

 

3.3 Defect characterisation 

3.3.1 Dislocations. 

The description of the preceding experiments has been directed solely towards 

the analysis of the growth behavior and crystal quality of HMX as a first step 

towards the preparation of higher quality crystals. An eventual aim is to 

advance to the characterization of individual defects and their properties as has 

been carried out for other energetic materials.  X-ray topography can also play a 

significant part in this aim. 

 

As indicated however, crystals of the present major orientation present too few 

opportunities to access Bragg reflections of a significantly high structure factor 

to carry out such an analysis. The weaker structure factor reflections would 

require exorbitantly long exposure times to acquire suitable images by Lang 

topography. In fact only the g. 02 2  reflection is satisfactory within a 

reasonable time scale. The prismatic crystals with their larger (010) face would 

be more suitable but the preparation of suitably sized specimens has still to be 

achieved.  The potential of such crystals is shown by the additional images 

presented in Figure 5 which shows a variation of dislocation contrast with g 

vector for the prismatic crystal. We would not proceed to suggest a 
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characterization in the complicated case of superimposed images but with a 

thinner slice of a more perfect crystal this would be possible. An alternative way 

forward is to use the increased power of the synchrotron and The Laue 

technique by which several Bragg reflections can be accessed at one short time. 

Figure 8 shows a typical Laue topograph of a slice of a tabular crystal (HMX ?) 

that has been placed normal to the synchrotron beam and exposed for 3 minutes. 

Nine potentially satisfactory images are obtained which immediately or with 

adjustments in exposure time could be usefully used for characterization 

purposes. The three sample images were extracted from this Laue and can be 

seen to have all the basic defect features shown in previous topographs. Each 

can be assigned a g vector and any variations in defect contrast defined. 

Unfortunately, in this case, closer examination of each image reveals no such 

difference. The dislocations obvious in the upper sector are present in all three 

images. The best that can be said are that they are of mixed character, as is 

usually the case for such growth dislocations. 

The above demonstrates however the potential of the available topographic 

techniques to yield more detail of the character and behavior of dislocations. 

In a more perfect crystal, prior mechanical deformation by indentation or 

extension could lead to the introduction of a characteristic mechanically induced 

dislocation structures and hence their characterization. 
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3.3.2 Twinning 

A particular characteristic of β-HMX is the ease with which it undergoes 

mechanical twinning when subjected to compressive or extensive stress.   

Mechanical twinning during growth was rarely observed. That such events are 

rare during crystal growth is perhaps understandable from previous microscope 

observations of the mechanical twin formation and behavior in HMX. 

The initial observations of mechanically induced twins in HMX [28,29] were 

made following the compression or extension of an otherwise twin-free crystal. 

On releasing the stress the twin vanished; the crystal returning to its former 

transparency. This procedure could be repeated several times and to 

successively higher stresses before the twin remained permanently fixed in the 

crystal. Under the relatively stress free conditions of growth such a deformation 

is unlikely and more particularly, is even less likely to be permanent. Only a 

few cases should occur and luckily we were able to locate one. 

Figure 9a shows the Synchrotron Laue of a mechanically twinned crystal. 

Twinning is immediately defined by the separation of the images of the twin 

band (T) from those of the parent image. Matching the Laue pattern of the twin 

images with that of the parent would give us the relative crystallographic 

orientations of the twin and the host lattice as was used in our similar 

observation of 180 degree twinning in TNT. [15] In the present case however a 

more direct approach can be made by studying the variation in diffraction 

contrast of the images as a function of the g vector of the radiation as signaled 
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above. Figure 9b, c and d shows three Lang topographic images of a P(2) 

prismatic crystal placed with its (010) face normal to the incident beam; each 

taken using a specific x-radiation g vector.  The absence of the twin band in the 

g,002 and g,200 reflections and its presence in the g,101 is definitive evidence 

for the twin plane being  011  . Variations in the twin direction mirror the low 

index crystallographic directions of the crystal structure. This assignment is in 

accord with the previous optical studies. [27] 

 

4 Conclusions 

This study advances the fundamental knowledge of the energetic material HMX 

in several respects. It opens the way to the better understanding of its energetic 

and thermal properties with respect to their potential association with the bulk 

defect structure. The association of that structure with growth conditions is 

defined and shown to be in satisfactory agreement with existing general 

knowledge of the influence of supersaturation on the morphology of crystals 

and their perfection. It accords with the recent theoretical calculations of the 

potential influence of growth conditions, particularly supersaturation, on the 

mechanisms of growth and hence perfection of HMX crystals. In turn the 

success of the x-ray topographic technique, in all its manifestations opens the 

way for the more detailed study of the growth and mechanically induced defect 

structure than presently possible. With the availability of larger sized crystals of 

the prismatic form, which should be possible based on the present work, the 
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relative contributions of dislocation motion and twinning to the mechanical 

deformation of HMX can be established. The successful production and 

deformation of more perfect crystals should lead to the full characterisation of 

both growth and mechanically induced dislocations and their properties and the 

structural and/or defect source of the initiation and stability of the mechanical 

twinning in this material as has been done previously for other energetic 

materials. 
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Figure 1: Morphology of the predicted SHAPE HMX crystal 

Figure 2: Morphological appearance of the as-grown crystals of HMX. 

Examples of prismatic crystals as equant (P1) and elongated (P2) shapes, 

tabular (T) forms and distorted (D). The scale bar shows the general size of the 

crystals used in this study. 

Figure 3: Stereographic projections for (a) (010) normal and (b) (011) normal 

to the direction of viewing. (c) The expected distortion of the recorded image of 

the crystal. 

Figure 4: Synchrotron radiation damage effects on the images during 

successive exposures of an HMX crystal (HMX ?) to the synchrotron beam for 

the (004) reflection (a) 7min (b) 10min (c) 14 min 

Figure 5: Lang X-ray topographs of a full equant prismatic crystal as viewed 

with X-ray g-vectors. (a) g, 002 (b) g, 101 (c) shows the distribution of the 

growth sectors. The white circled notch on the images indicates a point of 

equivalence. 

Figure 6: (a) (022 ) reflection Lang topograph of an (011 ) slice of a tabular 

crystal (b) schematic showing the complex nature of the growth sectors and 

their defect content and (c) the general crystal shape.  

Figure 7: (a) Sections of crystals HMX 4 and (b) HMX 5. (c) Lang topographs 

of sections and (d) Synchrotron topographs of sections. The annotations follow 

the meanings given previously for Figure 5.  

Figure 8: A typical Laue topograph and three extracted images. The respective 

g-vectors are 1) g, 210; 2) g,       and 3) g,    0. 

Figure 9: (a) Laue topograph of an elongated prismatic crystal (HMX 8) 

showing the displacement of the twin images (e.g. T) relative to the images of 

the parent crystal. (b), (c) and (d) Lang topographs with, respectively, g-vectors  

200, 004 and 101. 
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Table 1: Dimensions and morphological forms of the as grown and predicted 

SHAPE HMX crystals. 
 

Table 1 
 

Crystal 

Number Habit 
Dimensions 

(mm
3
) 

{011}        {010} {110}               {101} 

HMX 1 Prismatic 5 x 5 x 3     -  - 

HMX 2 Prismatic 7 x 5 x 3     -  - 

HMX 3 Plate-like 15 x 7 x 3        

HMX 4 Plate-like 16 x 4 x 2    -  -  

HMX 5 Plate-like 16 x 10 x 3        

HMX 6 Plate-like 12 x 7 x 2        

HMX 8 Prismatic 21 x 10 x 8     -  - 

Theoretical Donnay-Harker SHAPE 

prediction (equant prismatic) [30]. 

Shown schematically in Figure 1 

       
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Differences in morphology of solution grown HMX crystals 

The complexity of defect type and structure within HMX crystals 

The effects of radiation damage on single crystals of HMX 
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