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The structure of boron in boron fibres 
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The structure of noncrystalline, chemically vapour-deposited boron fibreswas investigated 
by computer modelling the experimentally obtained X-ray diffraction patterns. The dif- 
fraction patterns from the models were computed using the Debye scattering equation. 
The modelling was done utilizing the minimum nearest-neighbour distance, the density of 
the model, and the broadening and relative intensity of the various peaks as boundary 
conditions. The results suggest that the fibres consist of a continuous network of ran- 
domly oriented regions of local atomic order, about 2 nm in diameter, containing boron 
atoms arranged in icosahedra. Approximately half of these regions have a tetragonal struc- 
ture and the remaining half a distorted rhombohedral structure. The model also indicates 
the presence of many partial icosahedra and loose atoms not associated with any ico- 
sahedra. The partial icosahedra and loose atoms indicated in the present model are in 
agreement with the relaxing sub-units which have been suggested to explain the anelastic 
behaviour of fibre boron and the loosely bound boron atoms which have been postulated 
to explain the strengthening mechanism in boron fibres during thermal treatment. 

1. Introduction 
Boron fibres have found application in fibre- 
reinforced composite materials [1]. They are pro- 
duced by vapour depositing elemental boron onto 
a moving, resistance-heated tungsten wire substrate. 
A number of  efforts have been made to elucidate 
the arrangement of  atoms in the fibres [2 -6] .  This 
is desirable .in order to relate structure to proper- 
ties and as a possible means of  production control. 
However, the problem is complicated because the 
diffraction patterns of  as-produced fibres indicate 
an amorphous or microcrystalline state and the 
three basic polymorphs of  boron are complex. The 
three well known polymorphs o f  pure boron utilize 
a common structural element, a nearly regular ico- 
sahedral grouping of  twelve atoms. These poly- 
morphs are: 

1.alpha-rhombohedral boron (the unit cell, 
ao = 0.505rim, a = 58.06 ~ space group R3m, 
contains 12 atoms with an icosahedron at each of  
its lattice sites [7], with a density of  2.46 gcm-3);  

2. tetragonal boron (the unit cell,ao = 0.875nm, 
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Co = 0.506 nm, space group P42/nm, contains 50 
atoms distributed among four icosahedra and two 
individual atoms [8], with a density of  2.31 g 
cm-3); 

3.beta-rhombohedral boron (the unit cell, 
ao = 1.017 nm, c~ = 65.2 ~ space group R3m, con- 
tains 105 atoms [9, 10], with a density of  2.35 g 
cm -3. The structure consists almost entirely of  
slightly deformed icosahedra arranged in a rather 
complicated array). 

The fibres have both high tensile strength 
(2 .07GNm -2 or 3.5 x 105psi) and Young's mod- 
ulus ( 4 1 8 G N m  -2 or 60.5 x 106psi) [11, 12]. The 
strength of  boron fibres is due in part to the fact 
that primary flaws are located at the surface and in 
the tungsten boride core where residual stresses are 
found to be compressive, thus inhibiting crack 
propagation. The longitudinal residual stress distri- 
bution [11] is compressive at the surface ( - -1 .38 
GN m -2 or -- 200 ksi), changing monotonically to 
a region of  tensile stress within the boron sheath 
(1.03 GNm -2 or 150ksi, maximum at about 25% 
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of the fibre radius), then becoming compressive 
again near the boride core. The core itself is under 
a residual compressive stress o f -  13.3 GNm -2 
(--190ksi). Smith [13] found that after etching 
the fibre surface essentially all cases of fracture 
could be explained by crack initiation within the 
tungsten boride core. Behrendt [11] showed that 
etching increases the ultimate tensile strength of 
the fibre by causing a contraction which increases 
the residual compressive stress in the core. 

Four factors are known to produce and influ- 
ence the residual stress distribution [11, 14]: 

1. volume expansion in the core due to boron 
diffusion and the formation of tungsten boride; 

2. thermal expansion mismatch between the 
boride core and the outer boron mantle; 

3. "boron elongation" during the deposition 
process; 

4. quenching in the mercury electrode at the 
exit end of the reactor. 

"Boron elongation" was first detected by Talley 
[15] and later studied by others [16-18]. It could 
be the predominant cause of the unfavourable resi- 
dual stress distributions obtained at increased pro- 
duction speeds [14]. Mehalso [16] has suggested 
that each layer of boron is deposited with less than 
maximum density, incorporating many defects. 
With continued deposition at high temperature, 
the boron atoms diffuse inward, resulting in the 
densification and consequential volume expansion 
of the inner layers of the boron mantle. The driv- 
ing force for this diffusion is the overall lowering 
of the energy of the system as boron atoms seek 
positions of lowest potential energy. Evidence for 
this model is given by the observation that greater 
boron elongations are obtained at lower deposition 
temperatures. It may be explained that boron 
atoms have greater mobility at higher deposition 
temperatures and attain lower potential energy 
positions with alacrity, thus lowering the concen- 
tration of defect deposition and the consequent 
elongation. Supporting evidence for this model 
has been given by DiCarlo [21], whose measure- 
ments show a radial density variation with a less 
than average density in the surface layers, suggest- 
ing a microvoid concentration gradient which 
decreases towards the core. 

The opposite process of contraction has been 
observed by DiCarlo [19] on heating boron fibres. 
It was shown to be controlled by a thermally- 
activated mechanism, small temperature changes 
producing large increases in contraction, and 
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found to occur in two distinct stages. For contrac- 
tions less than 0.4% there was a slight drop in fibre 
density. With increasing contraction there was a 
marked increase in density. DiCarlo [19] has 
explained the observed initial contraction by sug- 
gesting that the boron atoms diffuse out of the 
sheath onto the fibre surface on heating, leaving 
microvoids within the amorphous sheath. The 
atoms surrounding the microvoids relax to par- 
tially fill the microvoid volume, thereby producing 
axial and radial contraction and a lower fibre den- 
sity. The radial contractions are not observable 
because the extra boron atoms on the surface pro- 
duce a net increase in fibre diameter. The extra 
atoms on the fibre end surfaces have a negligible 
effect on the axial contraction measurements. The 
net densification for contractions greater than 
0.4% has been explained by the growth of the 
dense alpha-rhombohedral phase of boron on the 
fibre surface. The rapid diffusion of boron atoms 
has been explained by postulating the existence of 
two types of boron atoms: tightly bound and 
loosely bound. The tightly bound atoms are 
located in the regular structure of the 12-atom iso- 
sahedra, the structural sub-unit of all polymorphs. 
The loosely bound icosahedra, are located in 
regions of local disorder and thus are free to move 
rapidly through these regions. 

The speculation of different types of bonded 
boron atoms may be related to the anelastic 
behaviour displayed by boron fibres. DiCarlo [12, 
20, 21 ] has suggested that all nonelastic defor- 
mation in boron fibres can be explained by an 
anelastic model, as revealed by flexural stress 
relaxation and internal friction methods. The 
existence of an anelastic effect with a fairly well 
defined energy indicates some degree of crystal- 
linity within the vapour-deposited fibres. The 
relaxation strength of the internal friction peaks 
was comparable to that predicted by Zener [22] 
for grain boundary sliding or a mechanism of sim- 
ilar nature. Although no grain boundaries have 
been observed in amorphous fibre boron [6], 
the sliding model may still be retained by con- 
sidering the relaxation to occur between smaller 
sub-units in the boron structure. Additionally, 
it was found that high strains induced the acti- 
vation of anelastic processes which were inhibited 
from operating at low strains by some unknown 
microstructural locking mechanism [21]. It 
was hypothesized that the relaxing entities are 
icosahedral in nature and the internal locks are 



unknown atomic imperfections quenched in after 
deposition. 

Icosahedra do not lend themselves to the con- 
struction of an ideal three-dimensional framework, 
and various degrees of  compromise in the pattern 
of icosahedral linkage give rise to the observed 
proliferation of polymorphs [23]. The choice of 
framework is strongly influenced not only by the 
temperature during deposition, which imposes 
kinetic limitations on the process of  crystal growth, 
but also by the boron source used and the choice 
of  substrates upon which the crystals form [24, 
25]. At temperatures below 1000 ~ C, the alpha- 
rhombohedral polymorph is the only crystalline 
form of boron obtained; below 800 ~ C the product 
is amorphous. At temperatures above 1500~ the 
beta-rhombohedral polymorph is formed and is 
the equilibrium phase at all temperatures between 
0 K and the melting point. Beta-thombohedral 
boron does not form at lower temperatures, poss- 

ibly due to kinetic limitations. The tetragonal 
polymorph is found in the temperature range of 
1000 to 1500 ~ C, and should more correctly be 
referred to as tetragonal I, since at least five other 
polymorphs [23] lay claim to recognition in this 
temperature range. It is highly improbable that so 
many polymorphs are thermodynamically stable in 
this temperature range and the choice of frame- 
work appears to be kinetically determined. 

Diffraction patterns obtained from fibre boron 
show broadened peaks and a large amount of 
structure relative to patterns from glassy amor- 
phous materials; see Fig. 1 a. While the broad peaks 
are amorphous in nature, the large amount of 
structure present indicates some degree of crystal- 
linity. A radial distribution frunction (RDF) 
analysis by Badzian [4] of bulk amorphous boron 
indicated icosahedral distances between boron 
atoms. Katada [5] also obtained icosahedral dis- 
tances from the RDF of thin films of vacuum- 
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Figure 1 Debye-Scherrer pat- 
terns from (a)sample E1 (cop- 
per radiation) and (b)samples 
El, E2 and E3 (molybdenum 
radiation). The peaks are indi- 
cated by the Roman numerals. 
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deposited boron. It seems natural, therefore, to 
assume some form of icosahedral distribution in 
the fibre boron structure. In addition, an attempt 
to explain the patterns as due to face-centred 
cubic arrangements of icosahedra which are 
heavily faulted [21 was not successful [3]. 

The structure of  amorphous boron fibres was 
studied by Lindquist e t  al. [6], using X-ray diffrac- 
tion and electron microscopy. Positional correlation 
with peaks for crystalline alpha-rhombohedral and 
tetragonal boron was noted, although serious dis- 
crepancies in intensity were found. This corre- 
lation led Lindquist e t  al. [6] to suggest a micro- 
crystalline structure with an average crystallite size 
of about 3 nm based on peak breadth. The discrep- 
ancies in intensity were qualitatively attributed to 
a defect structure closely related to the alpha- 
rhombohedral and tetragonal structures and 
involving misplaced single boron atoms. 

Comparisons between theoretical models and 
experimental results have been predominantly 
based on the RDF. It is of interest, in appropriate 
cases, to compare the calculated diffracted pattern 
directly with the experimental pattern. It was 
decided to use this approach in the present study 
to investigate the structure of fibre boron. 

The research was begun by investigating the 
possibility that the structure of boron fibres was 
microcrystalline in nature and based on one or 
more of the three polymorphs of boron, as sug- 
gested by Lindquist e t  al. [6]. The Debye scattering 
equation [26] was used to calculate the diffracted 
intensity from a microcrystalline material. The co- 
ordinates of distributions of up to 1400 boron 
atoms were used to compute theoretical diffrac- 
tion patterns. The atom positions were then 
changed, i.e. distortions were introduced, as well 
as the size and shape of the regions, until the cal- 
culated diffraction pattern bore a fair resemblance 
to the experimentally obtained diffraction pattern. 
The following sections explain the methods utilized 
to record the experimental diffraction patterns, 
model the structural ordering, and compute dif- 
fraction patterns for amorphous fibre boron. 

2. Experimental procedures 
2.1. Fibre production/sample preparation 
The 203 grn (8 rail) diameter boron fibres used in 
this investigation were supplied by Avco through 
NASA. During production the tungsten wire sub- 
strate reacts to produce a W2Bs inner core and a 
WB4 outer core. There is a well defined interface 
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between the tungsten bofide core and the sur- 
rounding sheath, which consists of essentially pure 
(99.9%) boron. The fibres were prepared as hollow 
cylinders, i.e. the tungsten boride core was 
removed, because the overwhelming X-ray scatter- 
ing of tungsten relative to boron made quantitative 
analysis impossible. Three samples were produced, 
El ,  E2 and E3, with outer diameters of  159/~m 
(6.3 mil), 182 ~rn (7.2 mil), and 177.6 pm (7.0 mil), 
and inner diameters of 45pm (2mil), 20pm 
(0.8 rail), respectively. Etching procedures can be 
found in [27]. 

2.2. X-ray and  d e n s i t o m e t e r  p rocedures  
A Debye-Scherrer camera equipped with vacuum 
and Gandolfi rotation [28] capability was used 
with an incident beam graphite crystal mono- 
chromator. The camera chamber was evacuated to 
less than 10 -3 mm of mercury to reduce air scatter- 
ing. The X-ray generator was operated at 45 kV 
and 15mA with exposure times of 21 and 60h, 
respectively, for copper and molybdenum patterns. 
A densitometer was used to convert the film pat- 
terns to relative intensity units. The photographic 
density was not allowed to exceed an experiment- 
ally determined linear response limit [27, 29] 
established by a series of standard calibrating 
exposures [29]. The transmitted light data T i were 
correlated to the X-ray intensity data I i ,  by stat- 
istically fitting all of the data points to a logarith- 
mic curve I i = a + b in (100/Ti). The correlation 
coefficients were always greater than 0.96 and the 
results were reproducible. Calibration runs were 
performed before and after each measurement in 
order to establish the values of a and b used to 
convert transmission values to intensity units. 
After subtracting the intensities due to the inher- 
ent background density of the film and the air 
scattering, the remaining intensity was attributed 
to scattering from amorphous boron, and was con- 
verted to relative intensity units and plotted on a 
scale ranging from 0 to 100. The variation utilizing 
this technique to obtain the final relative intensity 
results was experimentally established to be less 
than 2%. 

3. Computer modelling 
3.1. Calculated patterns 
The Debye scattering equation [26] was used to 
calculate diffracted intensity distributions from 
the model structures. The average intensity in 
electron units diffracted from rigid arrays of atoms 



having random orientation in space is given by: 

Ieu(k ) =~, ~, frn(k)fn(k) sin (krmn)/krmn (1) 
m 12 

where f(k) is the atomic scattering factor for a 
boron atom, k is (4n sin O)/X, 0 is the angle of dif- 
fraction, X is the X-ray wavelength, and rrn n is the 
interatomic distance between the atoms m and n 
of the rigid array. The Debye equation computes, 
in effect, the intensity diffracted by a matrix con- 
sisting of randomly oriented microcrystallites of 
the same rigid array of atoms. 

A computer program was written to generate 
the coordinates of all the atoms in a microcrystal 
from one lattice point then calculate the coherent 
scattering per microcrystal in electron units, 
Icoh(k). Icoh(k) was corrected for polarization, 
P(k), after which the Compton modified inten- 
sity [30] (corrected for the Breit-Dirac recoil 
factor) was added. The net scattered intensity was 
then corrected for absorption, A(k). The final 
intensity is given by: 

Ieu(k)/N = (/cob(k) X P(k)/N 

+ Iincoh(k)/N) x A(k) (2) 

where N is the number of microcrystals in the dif- 
fracting volume. Finally, the total scattered inten- 
sity was scaled so that the most intense peak was 
equal to 100 units, thus facilitating comparison 
between experimental and the computed patterns. 
Full details may be found in [27]. 

3.2. Distortion and fitting procedures 
Initial models were constructed by taking unit 
cells of the polymorphs of boron and stacking 
them together in a brick-like fashion to produce an 
array of atoms. These arrays are identical to those 
found in crystalline boron, the size of the array 
being limited by the extent of the experimental 
broadening observed. Larger arrays produce 
sharper peaks with more peak resolution. 

These initial models compared poorly with the 
experimentally obtained patterns. Since the fibre 
is produced in a metastable state, it seemed reason- 
able to consider the possibility that the atoms do 
not sit on ideal crystallographic sites. In the alpha- 
rhombohedral microcrystal, various triclinic distor- 
tions were introduced into the rhombohedral cell; 
the icosohedra were distorted by suitable random 
perturbations; and, microcrystals of different 
shapes were generated. 

An interatomic distance analysis program was 
written which calculated the various rmn terms, 
bracketed to within 0.001 nm, and the multiplicity 
of their occurrence [27]. This enabled a plot of 
multiplicity, M, against rmn to be generated, in 
effect an RDF for the microcrystal. It then cal- 
culated M(sin krmn)/krmn against rmn for a speci- 
fied k. Thus the contribution of any interatomic 
distance to any portion of the diffraction pattern 
could be discerned. This procedure was valuable in 
choosing distortions which eliminated unfavour- 
able interatomic distances. 

4. Results and discussion 
4.1. Experimental patterns 
The diffracted intensity profile obtained using 
copper radiation and sample E1 is shown in Fig. la. 
The absence of a peak at 20 = 43 ~ in amorphous 
boron is the first noticeable discrepancy with the 
peak intensities of alpha-rhombohedral or tetra- 
gonal boron. In addition, the experimentally 
observed peak at 20- -54  ~ for amorphous fibre 
boron is very weak in both crystalline polymorphs, 
further indicating the inadequacy of simple micro- 
crystalline models. 

The initial part of the modelling and fitting was 
done using copper radiation. To insure a good fit 
at larger k values, molybdenum radiation was used; 
the diffracted intensity profiles obtained from 
samples El ,  E2 and E3 are shown in Fig. lb. 

The patterns were independent of sample 
rotation, indicating that the regions of local 
atomic ordering are randomly oriented and small. 
The use of the Gandolfi attachment also produced 
no changes, indicating that preferred orientation 
(texture) effects are negligible [29]. 

4.2. Undistorted microcrystals of boron 
polymorphs 

Initial diffracted intensity profiles were computed 
using microcrystalline models of the various boron 
polymorphs. Alpha-rhombohedral microcrystals 
were fashioned in 3 x 3 x 3 (324 atoms) and 
4 x 4 x 4 (768 atoms) unit cell blocks; see Fig. 2a. 
The computed peak positions show general agree- 
ment, however, the relative intensities differ 
greatly. The 4 x 4 x 4 model shows more structure 
than the 3 x 3 x 3 model or the experimental pat- 
tern, and both models indicate peak III more 
clearly than the experimental pattern which only 
suggests a shoulder. The intensity ratio of peak I 
to peak II is much greater in the models than the 
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Figure 2 (a) Calculated diffrac- 
tion patterns from alpha-rhom- 
bohedral mierocrystals (copper 
radiation). (b) Calculated diffrac- 
tion pattern from tetragonal 
and beta-rhombohedral micro- 
crystals (copper radiation). 
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actual fibres. The tetragonal model is a 2 x 2 x 2 
block (414 atoms); see Fig. 2b. Again the I: II ratio 
is higher for the model, though closer to reality 
than the alpha-rhombohedral models. Peak IV is 
not resolved though it appears in the powder pat- 
tern for the crystalline tetragonal phase [23]. The 
2 x 2 x 2 model for beta-rhombohedral (840 
atoms), Fig. 2b, has little in common with the 
experimental pattern. It was concluded that ico- 
sahedral structural units are present and that their 
spatial arrangement bears some relationship to that 
found in the alpha-rhombohedral and tetragonal 
polymorphs.  

4 .3 .  Dis to r t ed  models 
The alpha,rhombohedral structure was pursued 
because of  the features o f  the 3 x 3 x 3 model, the 
relative simplicity of  the structure, and density 

considerations to be discussed below. In this struc- 
ture the icosahedra are not regular. Six of  the 
boron atoms are 0 .1679nm from the centre and 
tend to be aligned along the rhombohedral axes, 
while the remaining six are 0.1695 nm from the 
cell centre. Based on the fitting techniques dis- 
cussed in Section 3.2, rl tO r6 were changed from 
0.1679 to 0 .16nm; r7 to r12 from 0.1695 to 
0.19 nm; and the cell parameter was changed from 
0.5057 to 0.52nm. The intensity obtained from a 
model with this applied distortion, labelled D2 
(1.6, 1.9) 5.2 (see Fig. 3), showed some improve- 
ment over the undistorted model. 

The application of  further distortions was 
guided by two considerations: density and nearest- 
neighbour bond distance. The X-ray density of  a 
microcrystal must be greater than or equal to the 
experimentally reported density [5] of  fibre boron, 
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Figure 3 Calculated diffraction 
patterns from distorted alpha- 
rhombohedral microcrystalline 
models (copper radiation). Dis- 
tortions are explained in the 
text. Number of atoms in models 
N =  324. 

2.3466 g cm -3. As no evidence of  grain boundaries 
has been observed, a value close to the empirical 
value cited for the fibres is expected, implying that 
the matrix consists o f  a continuous network of  
randomly oriented regions possessing a character- 
istic average structural order. Also, the fibre den- 
sity is greater than that for tetragonal and less than 
that for alpha-rhombohedral boron. This rules out 
a structure consisting purely of  tetragonal boron, 
though a variant o f  alpha-rhombohedral boron or a 
mixture of  the two polymorphs is possible. Since 
there are 12 boron atoms per unit cell of  alpha- 
rhombohedral boron, the average cell parameter of  
a purely alpha-rhombohedral based structure must 
be ~< 0.514 nm. We also take the minimum nearest- 
neighbour distance to be 0.165nm. This is the 
smallest reported nearest-neighbour spacing in any 
of  the polymorphs o f  crystalline boron. 

Based on the above constraints, further distor- 
tions were attempted [27]. The most successful of  
these was D3(1.6, 1.9)5.12, where rl to r 6 are 
0.16nm, r 7 to r12 are 0 .19nm and the cell param- 
eter is 0.512 nm. Calculated patterns for a 3 x 3 x 3 
cell model is shown in Fig. 3. An analysis o f  the 
contributions made by the various intra-icosahedral 
distances to the first and second peaks in a 
3 x 3 x 3 cell array was made using the program 
described in Section 3.2. It was found that though 
the D3 distortion reduced the disparity between 
the first and second peaks through the applied 
intra4cosahedral distortion, other inter-icosahedral 
distances were also altered, several of  which offset 
the improvement. Only an overall increase in the 
multiplicities of  favourable distances would 
improve the fit. 

One way to enhance favourable distances, and 
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Figure 4 Calculated diffraction 
pattern from distorted alpha- 
rhombohedral microerystals 
with half-icosahedra added at 
the periphery (copper radiation). 

2 6 4 5  



F I 
I00 ~ .... D4 (i,5511195) 5.12 I /V--324 atolls / 

l~'ii . . . . .  D4 (I.55,1.95) 5.12,R=O.gnm, N=390 | / /l~l ~! ........ REVERSE D4 ( L95,1.55)5.12, ~q =0.g nm, / 
8o I /lil .:: /. ! - E x p e r i m e n t a l  Et N:3901 

l & I 
>- l ,~ I i II':~ i:: / li !1 1 ! i  I 

1! i / \  I 
40 : !! ! /A\ I 

,/' Ze/ ' ,A, , -  i /  %. / 2o[/ \- ..... / 
~ 0 30 50 70 90 

28 (degrees) 

Figure 5 Calculated diffraction 
patterns from a spherical array 
of distorted alpha-rhombohedral 
microcrystals with partial ico- 
sahedra. A "reversed" distortion 
is included to show the sensitiv- 
ity of the modelling process to 
distortions (copper radiation). 

to provide a means for the contiguous connection 
of microcrystalline regions, is the inclusion of par- 
tial icosahedra at the surface of a microcrystal. 
This was done initially by adding half-icosahedra 
to a 3 x 3 x 3 rhombohedral block. In addition, a 
modified icosahedral distortion was employed, 
D4(1.55, 1.95)5.12. Results with and without the 
extra half-icosahedra are shown in Fig. 4. Further 
refinement was achieved by generalizing to a 
variety of  partial icosahedra through the introduc- 
tion of a spherical microcrystal which could be 
constructed from an array of icosahedra using the 
centre of an icosahedron as the origin. The surface 
of the sphere will intersect some icosahedra, thus 
producing incomplete peripheral icosahedra. The 
size of the microcrystal and the ratio of complete- 
to-incomplete icosahedra are functions of the 
radius R of the microcrystal. The diffraction pat- 
tern computed using icosahedra with the D4 
distortion and a spherical microcrystal of  radius 
0.9rim, containing 390 atoms, is displayed in 
Fig. 5. Some insight into the uniqueness of this 
model can be gained through examination of a 
"reverse D4" distortion, for which rl to r 6 are 
changed from 0.155 to 0.195 nm and r 7 to rl2 are 
changed from 0.195 to 0.155nm for the same 
spherical microcrystal. The result of  this is shown 
in Fig. 5 where it is clear that peaks II and III have 
been strongly altered and a new peak at 20 = 78 ~ 
has appeared. Other distortions confirmed that the 
ratio of  intensities of  peaks II and III is a sensitive 
function of the nearest-neighbour distances within 
an icosahedron. 

A final distortion was settled upon, D6(1.5, 
2.0)5.12. Spherical microcrystals of the D6(1.5, 
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2.0)5.12 distortion with radii of  0.9, 1.0, and 
1.3 nm were used to compute the diffraction pat- 
terns in Fig. 6a. The R = 1.0 nm model displayed 
the best fit with the experimental pattern and had 
the highest second-to-third peak ratio. In order to 
insure that the fit was good to larger k values, the 
computed profile for the D6(1.5, 2.0)5.12 model 
was compared with the experimental profile 
obtained using molybdenum radiation; see Fig. 6b. 
It was not possible to carry this distortion tech- 
nique further since some atoms would develop 
nearest-neighbour distances smaller than 0.165 nm, 
the smallest interatomic distance found in the 
naturally occurring polymorphs of boron. Improve- 
ments were required to fit the minor peaks, and 
all attempts to shift the third peak into the second 
peak were unsuccessful. This led to the consider- 
ation of spherical microcrystals of tetragonal 
boron. 

The pattern computed from spherical micro- 
crystals of tetragonal boron is displayed in Fig. 7. 
The first peak is broad, reflecting the two major 
crystalline peaks that occur in the vicinity of the 
first experimental peak. Attempts to shift peaks 
VI and VIII with the use of  distortions were 
unsuccessful. Comparing the tetragonal and the 
distorted alpha-rhombohedral spherical micro- 
crystals, it is seen that the alpha-rhombohedral 
model has an unwanted third peak while the tetra- 
gonal model has a shoulder. On the other hand, 
the alpha-rhombohedral model fits the fourth peak 
well while the tetragonal model has only a shoulder. 
This suggested the possibility that while the 
sample may be composed of randomly oriented 
small regions of structural order, some regions 
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may have rhombohedral and others tetragonal 
order. This is physically reasonable since boron 
fibres are produced in a temperature range inter- 
mediate to those required for the production of  
crystalline alpha-rhombohedral and tetragonal 
boron. Various mixtures o f  the two types of  

spherical mJcrocrystals of  different diameter were 
tried. The best pattern was obtained from a model 
containing 50 vol % of  each type, all microcrystals 
having a radius of  1.0 rim. 

The completed pattern is shown in Fig. 8. The 
peak positions display reasonable agreement with 
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Figure 8 Final model calculated 
from an equal mixture by vol- 
ume of the alpha-rhombohedral 
model shown in Fig. 6b and the 
tetragonal model shown in 
Fig. 7. 

experiment, with the exception of the sixth and 
eighth peaks which remain somewhat displaced. 
The peak intensities are in good agreement. Overall 
this model displays the essential features of the 
experimentally obtained pattern. Moreover, the cal- 
culated X-ray density for this model is 2.3455 g 
cm -3, very close to the experimental value, 
2.3466 g cm -a. 

5 .  C o n c l u s i o n  

A model for the structure of fibre boron has been 
developed. The model indicates that the material 
consists on the average of a continuous network of 
randomly oriented spherical regions 2.Ohm in 
diameter possessing two types of local atomic 
order. Approximately half of these regions are 
based upon the alpha-rhombohedral polymorph of 
crystalline boron. The icosahedra in these regions 
are distorted so as to align themselves along the 
five-fold axes. The icosahedral atoms lying along 
the rhombohedral axes tend to position themselves 
closer to the centre of  the icosahedra relative to 
the other atoms. Out of 540 atoms, 276 are in 23 
complete icosahedra. Of the remaining 264 
peripheral atoms, there are two groups Of 11, 
eighteen groups of 9, six groups of 6, four groups 
of 4, two groups of 2 and 24 individual atoms. 
These incomplete icosahedra provide a mechanism 
for the construction of a continuous three- 
dimensional structure that does not possess grain 
boundaries. The other half of the regions possess 
the structure of the tetragonal boron polymorph. 

The proposed model may be related to known 
structure and property information concerning 
fibre boron. The calculated density is in agreement 
with that of fibre boron. The positions of diffrac- 
tion maxima for the fibres bear more relation to 
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the alpha-rhombohedral and tetragonal forms than 
to the beta-rhombohedral structure. This is con- 
sistent with the deposition temperature used to 
produce the fibres. Also, the bond lengths 
employed do not exceed known values for crystal- 
line boron. 

Studies of the anelasticity of the fibres [12, 20, 
21] have suggested that it originates in the relax- 
ation of structural sub-units. The results of this 
study suggest that fibre boron can be modelled by 
boron icosahedra sub-units as speculated by 
DiCarlo [21]. In addition DiCarlo's studies of fibre 
strengthening by heat treatment [19] led to the 
proposal of  the presence of highly mobile, loosely 
bound boron atoms. The present model also 
accounts for such atoms. 

The questions of uniqueness invariably arises in 
studies of this kind. The distinctive form of the 
diffraction pattern; the evidence of intra- 
icosahedral distances in radial distribution func- 
tion analyses [4, 5]; the propensity for icosahedral 
coordination in boron compounds; and the con- 
siderable agreement between the calculated and 
measured patterns strongly support the presence 
of characteristic icosahedra in fibre boron. Further- 
more, the sensitivity of the calculated patterns to 
icosahedral distortion as well as to model size and 
spatial arrangement of icosahedra all lend support 
to the proposed model. The use of a mixture of 
distorted alpha-rhombohedral plus tetragonal 
microcrystalline regions may be viewed as arti- 
ficial. It is in fact possible that a continuous 
hybrid structure incorporating the qualities of 
both the alpha-rhombohedral and tetragonal struc- 
tures is closer to reality. Efforts to construct such 
a hybrid have proven unsuccessful thus far but 
may yet prove feasible. 
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