
JOURNAL OF SOLID STATE CHEMISTRY 9, 452-465 (1992) 

An Electron Microscope and X-Ray Diffraction Study of Some 
Synthetic (Mg,Mn),BOS Oxyborates 

J. J. COOPER* AND R. J. D. TILLEY 

Division of Materials, School of Engineering, University of Wales College of 
Card,$J P.O. Box 917, Cardifjf CF2 IXH, United Kingdom 

Received July 29, 1991; in revised form October 23, 1991 

The phase region surrounding the composition (Mg,Mn),BOS, the nominal formula of the phases 
ludwigite, orthopinakiolite, takeuchiite, and pinakiolite, has been investigated by powder X-ray diffrac- 
tion and transmission electron microscopy. It has been found that in samples prepared at 1000°C or 
higher the phases lie in the sequence ludwigite, takeuchiite, and orthopinakiolite as the composition 
increases in oxygen and Mn’+ content. All compounds appear to be nonstoichiometric and the 
composition (Mg,Mt&BO, has no special significance at 1000°C. The commonest defect microstructures 
observed were wider or narrower than normal twin plane spacings and coherent intergrowths of one 
structure type in another. Pinakiolite only formed at temperatures up to approximately 900°C. An 
alternative twinned form of pinakiolite, utilizing (100) twin planes, not previously observed before in 
synthetic material, has been characterized. It is suggested that takeuchiite is correctly regarded as a 
1 : 1 intergrowth of ludwigite and orthopinakiolite and that pinakiolite and ludwigite are high and low 
temperature polymorphs with similar compositions. o 1992 Academic PRESS, hc. 

Introduction 

The phases ludwigite, orthopinakiolite, 
and takeuchite are members of the pinakio- 
lite family of oxyborate minerals. All have 
the same idealized formula M,BO, , where 
the metal M is usually a combination of octa- 
hedrally coordinated Mg, Mn, and Fe. Crys- 
tallographic studies (Z-14) have shown that 
their structures can be generated by regular 
twinning of the parent pinakiolite phase. 
The phases vary from each other by having 
dissimilar twin plane repeat distances. In 
order of increasing twin plane density the 
structural series can be written pinakiolite, 

* Present address: ICI Films, P.O. Box 90, Wilton 
Centre, Middlesbrough, Cleveland TS6 8JE, United 
Kingdom. 

takeuchite, orthopinakiolite, and ludwigite. 
The structures represented in this way are 
shown in Fig. 1. 

The chemical reasons for a structure to 
twin have been set out by Hyde et al. (15). 
Major factors of importance were consid- 
ered to be stoichiometry changes and the 
generation of new cation sites. In terms of 
these criteria the reasons for twinning in 
the pinakiolite series of oxyborates are not 
obvious. The idealized formula is constant 
and no sites are created or destroyed by the 
twinning operation. 

To date the only plausible explanation as 
to why these twinned phases should form 
has been given by Takeuchi (16), who noted 
that the compositions of mineral specimens 
of ludwigite, orthopinakiolite, and pinakio- 
lite were M3.00BOS, M2.95B05, and 
M,,,,BO, , respectively. X-ray diffraction 
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FIG. 1. Idealized polyhedral representation of the structures of (a) ludwigite; (b) orthopinakiolite; (c) 
takeuchiite; and (d) pinakiolite. The shaded diamonds represent MO6 octahedra and the closed triangles 
BOr groups. The unit cells are outlined. In (d) the unit cell is that of the mineral form of pinakiolite. 
The arrows show the glide-twin planes needed to derive these structures from that of pinakiolite. 

studies (3, 9) had revealed that the depar- relative size of the C-walls. Twinning re- 
tures from the idealized composition were duces the size of the C-walls and thus a 
associated with the existence of cation va- high vacancy concentration will drive the 
cancies at octahedral sites in a part of the structure toward untwinned pinakiolite 
structure called a C-wall. Takeuchi assumed while a low vacancy concentration will re- 
that the number of cation vacancies that sult in the formation of the most heavily 
could be accommodated depended upon the twinned phase, ludwigite. 
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According to this idea there should be a 
direct correlation between composition and 
twin plane density. However, the correct- 
ness of this hypothesis is open to some 
doubt. The composition of mineral speci- 
mens of takeuchiite lies between that of lud- 
wigite and orthopinakiolite rather than be- 
tween orthopinakiolite and pinakiolite, as 
twin plane density would require. Addition- 
ally, Bovin et al. and Bovin and O’Keefe 
(57), who examined both synthetic and 
mineral specimens of oxyborates, observed 
that the structure formed was more depen- 
dent upon the Fe: Mn ratio than upon 
oxygen-to-metal stoichiometry. The aim of 
the study reported here was to try to clarify 
the situation by investigating the relation- 
ship between structure and stoichiometry in 
more detail than reported previously. 

Experimental 

All samples were prepared from “Spec- 
pure” quality MgO, Mn, MnO,, B,O, sup- 
plied by Johnson Matthey Ltd, each of 
which had a quoted total metallic impurity 
of less than 10 ppm. The boric oxide used 
was reported to have a water content of less 
than 200 ppm and was stored in a dessicator 
until used. The manganese oxides used in 
the preparations, Mn,O, and Mn,O,, were 
prepared from MnO, powder which was 
heated in a Pt crucible at temperatures of 
800 or 1000°C in air for 24 hr, followed by 
rapid quenching into liquid nitrogen. Under 
these conditions only the desired oxides 
formed, as was confirmed by weight loss 
measurements and powder X-ray dif- 
fraction. 

Appropriate quantities of these materials 
were ground together in an agate mortar, 
formed into pellets, sealed into platinum 
tubes using a plasma microwelder and 
heated for the temperatures and times de- 
tailed in Tables I-III below. After reaction 
the tubes were quenched into liquid ni- 
trogen. 

The phases produced were identified by 
powder X-ray diffraction with a Guinier- 
Hagg focusing camera employing strictly 
monochromatic CrKcr, radiation and KC1 
(a0 = 0.62929 nm) as an internal standard. 
Films were measured with respect to a scale 
exposed on the film prior to development. 
Unit cell dimensions were refined using 
standard computer routines (17). 

Samples were examined by transmission 
electron microscopy to assist in phase anal- 
ysis and to characterize defect microstruc- 
tures. For microscopy, small quantities of 
the samples were crushed under n-butanol. 
A drop of the resulting suspension was then 
placed on a holey carbon film and allowed 
to dry before examination in a JEOL 200CX 
transmission electron microscope fitted 
with a top entry goniometer stage and oper- 
ated at 200 kV. Only suitably aligned crystal 
fragments with thin edges projecting over 
holes in the support film were examined in 
detail. 

Results 

X-Ray Diffraction 

Phases found at 1000°C. Three series of 
preparations lying on the MgO-Mn,O,- 
B,03 composition plane were designed to 
investigate the changes brought about by 
varying the boron content, (Mg,Mn),B,05, 
the (Mg,Mn) content, (Mg,Mn),B05, and 
the oxygen content, (Mg,Mn),BO, . The re- 
sults are given in Table I and shown in Fig. 2. 
This figure is not intended to be an accurate 
phase diagram but does map out the succes- 
sion of structures found and the approxi- 
mate range of composition over which they 
occurred. 

In the composition region closest to MgO 
an (Mg,Mn)O solid solution, MO, was iden- 
tified. Preparations richer in Mn often con- 
tained a spine1 solid solution (Mg2+,Mn2+) 
Mns+O, (M304), a warwickite solid solution 
(Mg,Mn)2+Mn3fB0, (M,BO,), and occa- 
sionally Mn,O, . The M,BO, oxyborate 
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TABLE I 

PREPARATIONS ON THE MgO-B,03-Mn304 PLANES 

Mix0 Mn@4 W, Formula O/M Productsb 

0.0 
0.375 
0.645 
0.9375 
1.1265 

1.5 
1.95 

l.Oocil 0.333 M,B,,OJ 1.3635 M,O,, W, 0 
0.8750 0.375 MA ~05 1.3333 M,O,, W 
0.7850 0.405 MA ~10s 1.3123 M,O,, W, 0 
0.6875 0.4375 M,B,,,,O, 1.2903 M,O,, 0 
0.6245 0.4585 M,B,,,,,O, 1.2765 M>O,, 0, N* 

0.5ooO 0.5000 M3B05 1.2500 L, T 
0.3500 0.55Oa 

0.0 0.875 0.5 

0.1 0.85 0.5 

0.3 0.8 0.5 

0.5 0.75 0.5 

0.7 0.7 0.5 
0.9 0.65 0.5 
1.1 0.6 0.5 

1.3 0.55 0.5 
1.5 0.5 0.5 
1.7 0.45 0.5 

1.9 0.4 0.5 

2.1 0.3 0.5 
1.8 0.4 0.5 
1.5 0.5 0.5 

1.2 0.6 0.5 
0.9 0.7 0.5 
0.6 0.8 0.5 
0.3 0.9 0.5 
0.0 1.0 0.5 

MA 10, 

1.3793 Mn,O, W , 

1.3699 MqO,, W 
1.3514 M,O,, W 

1.3333 M,O,, W 
1.3158 M30,, W, 0 
1.2987 0 
1.2821 0,T 
1.2658 T 
1.2500 T, L 
1.2346 L 
1.2195 L, MO 

l.ZM)O L, MO 
1.2250 L. 
1.2500 T, L 
1.275 T, 

1.3ooO M,O,, W, 0 
1.3250 M30,, W,O 
1.3500 M,O,, W 

1.375 Mn,O, . W 

- 
NO. 
- 

1 

5 

3 

2 

6 

u All samples were heated for 1 week at 1OCKl”C in sealed Pt tubes. 
b W, wanvickite; 0, orthopinakiolite; L, ludwigite; T, takeuchiite; P, 

pinakiolite; N, new material; *, disordered phase; M,O,, 
(MgZ+,MnZ+)Mn:+04; MO, (Mg*+.Mn*+)O. 

phases which formed were in the sequence 
ludwigite, takeuchiite, and orthopinakiolite 
as the oxygen and Mn3+ content increased. 
Additionally some new oxyborate phases 
occurred. These compounds, labeled N in 
Fig. 2 and the tables, were described in an 
earlier publication (18). 

A series of preparations with composi- 
tions lying on the Mg,,,Mn,,SBO, line which 
passed through the MgO-Mn,O,-B,O, 
plane toward the oxygen corner of the phase 
diagram gave the results recorded in Table 
II. The sequence of oxyborate phases en- 
countered as the oxygen content increased 
was ludwigite, takeuchiite, and orthopinaki- 
olite . 

Temperature variation. The reaction se- 
ries used to explore phase existence as a 

function of temperature are listed in Table 
III. The trends noted as samples were 
heated at lower temperatures were as fol- 
lows. Ludwigite evolved into takeuchiite or 
disordered pinakiolite containing isolated 
twin planes depending upon the temperature 
of reaction. Takeuchiite evolved via ortho- 
pinakiolite to M,O, or M,BO,. In some se- 
ries a highly disordered material containing 
a considerable number of planar defects par- 
allel to (100) planes formed, designated as 
L* in Table III. This phase could equally 
well be considered a very disordered lud- 
wigite or very disordered pinakiolite. In 
compositions M,BO, the new phases N and 
MO solid solutions were also found. 

Ludwigite. At a synthesis temperature of 
1000°C reactions 1,2,3, and 4 yielded mono- 
phasic ludwigite. The composition variation 
was from Mgl,95Mn1.05h.105 (~Ol.2195)~ re- 
action 1, Mgl.80Mn,.20B05 (M01.2250), reac- 
tion 2, Mg,,,,Mn,,,,BO, (M01.2346), reaction 
3, to Mgl.50Mnl,50B05 W01.2375), reaction 4. 
The unit cell dimensions of a ludwigite sam- 
ple produced via reaction (1) were a = 
0.9231 nm, b = 1.2519 nm, and c = 0.6044 
nm, which compare favorably with those 
of the Fe-containing ludwigites studied by 
Takeuchi (I), viz. a = 0.914 nm, b = 1.245 
nm, and c = 0.305 nm with the exception 
that the c-axis of the synthetic material is 
approximately double that of the mineral. 
The doubled axis is consistent with an or- 
dered distribution of Mg and Mn atoms as 
is found in other oxyborate minerals. The 
composition range was accompanied by a 
lattice parameter variation in which ludwig- 
ite samples with higher concentrations of 
manganese had increased unit cell dimen- 
sions. 

Take’uchiite. At 1000°C takeuchiite was 
observed in samples which contained sig- 
nificantly higher concentrations of Mn3 + 
and oxygen than those which gave rise to 
ludwigite. Three samples, reactions 5, 6, 
and 7, produced only takeuchiite at this tem- 
perature. The composition variation was 
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FIG. 2. The existence regions for phases found in preparations at 1000°C lying on the MgO- 
Mn304-B,O, plane. MO, rock-salt type; L, ludwigite; T, takeuchiite; 0, orthopinakiolite; S, spinel, 
M30,; W, warwickite, &BO,, N, new materials. 

from Mg,,3,.,Mn,,655B05 (M0l,2658), reaction 
5, Mg,.20Mnl.80BO~,~ (~0,.2750)~ reaction 6, 
to Mg,.50Mn,.50B%,~ W0,,2625)y reaction 7. 
Takeuchiite was also produced alone from 
reaction 5 at 1100°C and reaction 8, Mg,,,,, 
Mn,,,,BOS (M0,,2987), at 1200°C. At 1000°C 
the 0 : M ratio tolerated by takeuchiite ex- 
tended above the MgO-Mn,O,-B,03 plane. 
The limited amount of data at other tempera- 
tures suggested that the composition of ta- 
ktuchiite moved toward higher Mn3+ and 
oxygen contents as the temperature in- 
creased. 

The refined powder X-ray diffraction data 
for takeuchiite produced by reaction 5 at 
1000°C gave unit cell dimensions a = 2.7677 
nm, b = 1.2580 nm, and c = 0.6094 nm, 
which compare favorably with those deter- 
mined by Bovin and O’Keefe (4), a = 2.750 
nm, b = I.2614 nm, and c = 0.6046 nm, 

for a mineral specimen. X-ray diffraction 
patterns produced from the takeuchiite 
specimen prepared from reaction 7 showed 
a shift in the positions of the diffraction max- 
ima toward higher Bragg angles compared 
with those from the takeuchiite samples pro- 
duced from mixtures lying on the MgO- 
Mn30,-B203 plane, providing further evi- 
dence of the existence of a composition 
range for takeuchiite. 

Orthopinakiolite. In general orthopinaki- 
olite formed in specimens which had higher 
Mn3+ concentrations than those which pro- 
duced takeuchiite at 1000°C. Single phase 
orthopinakiolite was produced by reaction 
8, with composition Mg,,,&n,,,BOS 
(MOl,2987), between 900 and 1100°C and by 
reaction 5, with composition Mg,,,,Mni,,SS 
BQ (MO, 2658 ), at 900°C. As with takeuchi- 
ite, the limited temperature information 
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TABLE II 

PREPARATIONS ON THE Mg,,JMn,,JBO, LINE' 

Mn203 Mn B2°3 Formula O/M Productsb No. 

1.5 0.4625 0.0 0.1125 0.5 WB04.85 1.2125 L, N* 
1.5 0.4875 0.0 0.0375 0.5 MWLx 1.2375 L 4 
1.5 0.5 0.0 0.0 0.5 WBO, 1.2500 L ‘I- 
1.5 0.4 0.15 0.0 0.5 .WQ.o, 1.2625 T, 7 
1.5 0.2 0.45 0.0 0.5 WB05.15 1.2875 T, M304 9 
1.5 0.0 0.75 0.0 0.5 WBO5.25 1.3125 T, 0 

u All samples were heated for 1 week at 1000°C in sealed Pt tubes. 
b W, warwickite; 0, orthopinakiolite; L, ludwigite; T, taktuchiite; P, pinakiolite; N, new material; *, disordered 

phase; M,O,, (Mg2+,Mn’+)Mn:+04; MO, (Mg”,Mn’+)O. 

available suggests that the more oxygen rich 
composition is preferred at higher tempera- 
tures. 

The refined X-ray diffraction data for or- 
thopinakiolite produced via reaction 8 at 
1000°C gave unit cell dimensions of a = 
1.840 nm, b = 1.2598 nm, and c = 0.6156 
nm, which are in good agreement with the 
data reported by Takeuchi (I), viz. a = 
1.8357 nm, b = 1.2591 nm, and c = 0.6068 
nm, for a mineral specimen. Some variation 
in the unit cell dimensions of the synthetic 
orthopinakiolite samples was observed, in- 
dicating a variable composition for this 
phase. 

Pinakiolite. In contrast to the frequent oc- 
currence of the other oxyborate phases, pi- 
nakiolite was produced in only a few cases 
and no pinakiolite was ever produced at 
temperatures above 900°C. No composi- 
tional variations were discovered. Mono- 
phasic pinakiolite was only obtained in reac- 
tion 9 at 9OO”C, with a composition of 
Ws1.50Mn1.&%15 (M&d. Only one 
other preparation contained pinakiolite, re- 
action 3 at 800°C. 

The refined X-ray data for pinakiolite ob- 
tained from reaction 9 heated at 900°C gave 
unit cell dimensions of a = 1.0443 nm, b = 
0.6041 nm, c = 0.5441 nm, andp = 96.03”, 
which compare favorably with those of the 
mineral pinakiolite with unit cell dimensions 

a = 2.179 nm, b = 0.5977 nm, c = 0.5341 
nm, and /3 = 95.83” (9). The u-axis of the 
synthetic counterpart is approximately half 
that of the mineral sample. The doubled 
u-axis dimension is due to the C-face center- 
ing of the lattice which would cause ab- 
sences whenever the values of h + k are 
odd. These absences do not occur in our 
samples and we have preferred the smaller 
unit cell. 

Electron Microscopy 

Planar faults. Crystals of orthopinakio- 
lite, takeuchiite, and ludwigite produced in 
this study often showed variations in the 
twin repeat distance. These were revealed 
as planar faults which are seen in electron 
micrographs as either wider (in the case of 
ludwigite) or narrower than normal lamellae 
of the pinakiolite type between the twin 
planes. These defects were found to lie par- 
allel to the twin planes, that is, perpendicu- 
lar to the [ 1001 direction of each structure. In 
many instances these faults were terminated 
abruptly within the crystal lattice. As similar 
structures have been illustrated before (5-7, 
18-20) they are not shown here. 

Intergrowth structures. Intergrowths be- 
tween different members of the structural 
series were often observed within the same 
crystal fragment. The boundary planes were 
parallel to the twin planes in both phases. 
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TABLE III 

PREPARATIONS AT DIFFERING TEMPERATURES~ 

Heating 

Mis-0 MN4 MN3 Mn B2°3 Formula “C days Productb No. 

1.7 0.45 0.0 0.0 0.5 M3.06305 

1.7 0.45 0.0 0.0 0.5 &osBOs 

1.7 0.45 0.0 0.0 0.5 %05BO5 

1.7 0.45 0.0 0.0 0.5 W.oWA 
1.5 0.5 0.0 0.0 0.5 MW, 
1.5 0.5 0.0 0.0 0.5 WBO, 
1.5 0.5 0.0 0.0 0.5 MWb 
1.5 0.5 0.0 0.0 0.5 M3W 
I.3 0.55 0.0 0.0 0.5 Mz.&Os 
1.3 0.55 0.0 0.0 0.5 MmBQ 
1.3 0.55 0.0 0.0 0.5 %95BO5 

1.3 0.55 0.0 0.0 0.5 Mz.d% 
1.3 0.55 0.0 0.0 0.5 Mz.d% 
0.9 0.65 0.0 0.0 0.5 “‘fz.ssBO~ 
0.9 0.65 0.0 0.0 0.5 %&OS 
0.9 0.65 0.0 0.0 0.5 Mz.ssBO5 

0.9 0.65 0.0 0.0 0.5 Mz.s,BO, 
0.9 0.65 0.0 0.0 0.5 Mz.sdQ 
1.5 0.2 0.45 0.0 0.5 MWh 15 

1.5 0.2 0.45 0.0 0.5 M3B%ls 
1.5 0.75 0.0 0.25 0.5 M4’% 
1.5 0.75 0.0 0.25 0.5 M&h 
1.5 0.75 0.0 0.25 0.5 M806 
2.5 0.5 0.0 0.0 0.5 M4BOs 
2.5 0.5 0.0 0.0 0.5 M,BO, 
2.5 0.5 0.0 0.0 0.5 MW, 

1100 
1000 
900 
800 

1200 
1100 
1000 
900 

1200 
1100 
1000 
900 
800 

1200 
1100 
1000 
900 
800 

1000 
900 

1200 
1100 
1000 
1200 
1100 
1000 

5 L 3 
7 L 3 

10 L* 3 
20 N*, P* 3 
5 L 
5 L 
7 L T 

10 L* 
5 L T 5 
5 T 5 
7 T 5 

10 0 5 
20 L*, M304 5 
5 T 8 
5 0 8 
7 0 8 

10 0 8 
20 W, M304 8 
7 T, M304 9 

10 P* 9 
7 N 
7 N*, L 
7 N*, L 
7 L, MO 
7 L, MO 
7 L, MO 

0 All samples were heated in sealed Pt tubes. 
b W, warwickite; 0, orthopinakiolite; L, ludwigite; T, takeuchiite; P, pinakiolite; N, new material; *, disordered 

phase; M304, (Mg2+,Mn2’)Mn~+04; MO, (Mg2+,Mn2+)0. 

No mismatch at the boundary planes be- 
tween each component was ever evident, 
indicating coherency between the different 
regions. In general only two phases were 
found intergrown in any crystal, these corre- 
sponding to the phases present in the sample 
as indicated by X-ray diffraction. As similar 
structures have been illustrated before (5-7, 
19-21) they are not shown here. 

Defects in pinakiolite. Fragments of pi- 
nakiolite often contained isolated twin 
planes, parallel to the (201) planes referred 
to the mineral unit cell (or (101) referred 
to the unit cell of our synthetic samples), 

distributed randomly throughout the crys- 
tal as shown in Fig. 3. The diffraction 
patterns from such crystals, shown in Fig. 
3b, were typical of those from twinned 
crystals. 

An alternative type of twinning, on (100) 
planes, was also found in these synthetic 
samples. Fig. 4a shows a crystal fragment 
containing such a twin plane. The electron 
diffraction pattern from the fragment, Fig. 
4b, confirms that the crystal is twinned. 
From the contrast at the thin edge of the 
crystal it is apparent that the twin operation 
occurs at one of the flat walls of the edge 
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FIG. 3. Electron micrograph (a) and electron diffraction pattern (b) of a pinakiolite crystal containing 
disordered (101) twin planes. These are seen running from top to bottom in (a); the structure being 
mirrored on either side of each twin boundary. 

sharing octahedra. A schematic drawing of Figure 6a is a lattice image of these defects. 
the twin plane is shown in Fig. 5. The micrograph shows rows of white spots 

Many crystal fragments of pinakiolite lying parallel to the c-axis and is typical of 
were observed in which defects lying on high resolution images of pinakiolite. At the 
(100) planes were more or less disordered. defect boundaries the rows of spots are dis- 
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FIG. 4. Electron micrograph (a) and electron diffraction pattern(b) of a twinned pinakiolite crystal. 
The twin planes lie parallel to (100) planes and are best seen by viewing the micrograph at grazing 
incidence in the direction of the arrow. 
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FIG. 5. An idealized polyhedral daigram representing a possible (100) twin boundary in pinakiolite. 
The fault plane lies in the central flat wall of octahedra and the twinning operation involves a displace- 
ment along the c-axis direction. The unit cells marked correspond to the mineral form of pinakiolite. 

placed by approximately half the repeat dis- 
tance along [OOl]. Since the structure of pi- 
nakiolite is known and as the image at the 
crystal edge in Fig. 6a bears a direct corre- 
spondence to this structure it is possible to 
interpret the image contrast in the defect 
planes with confidence. A plausible struc- 
tural model for the defects is shown in Fig. 
6b. Defects of this type are similar, and may 
be identical, to those observed in a natural 
specimen of an antimony-rich pinakiolite, 
reported by Hansen et al. (21). 

Discussion 

The results have shown that the structure 
of the nominally M,BO, oxyborate phase 
formed in the Mg-Mn-B-O system is de- 
pendent upon both composition and temper- 
ature of preparation. The composition 
M3B05 itself had no special significance; at 
1000°C for example, mixtures of ludwigite 

and takeuchiite were formed. The phase do- 
mains of the oxyborates produced at 1000°C 
are summarized in Fig. 2. Ludwigite was 
observed to form with an overall 0 : M ratio 
of between 1.2195 and 1.2375, takeuchiite 
with a ratio of between 1.2625 and 1.2750, 
and orthopinakiolite with a ratio of 1.2987 
at 1000°C. These data do not indicate the 
precise limits of each structure type as care- 
ful equilibration was not carried out. The 
lattice parameter changes observed, how- 
ever, do indicate that these phases possess 
extended composition ranges. 

There is a close relationship between the 
types of defect found and the gross composi- 
tion of the initial oxide mixtures. In most of 
the single phase samples the crystal frag- 
ments were generally well ordered, excep- 
tions being found most often in low tem- 
perature preparations. Intergrowths were 
mainly found in those samples which were 
biphasic. For example, intergrowths in the 
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FIG. 6. (a) Electron micrograph of a pinakiolite crystal containing faults on (100) planes. These are 
best seen by viewing the micrograph at grazing incidence in the direction of the arrow. (b) A plausible 
structural model for the defects seen in (a). The fault plane, which lies in the central wall of octahedra, 
can be best seen by viewing the diagram along the arrowed direction. This direction is the same as that 
marked on the micrograph. 
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samples between M,BO, and M,,,B05 con- 
sisted of ludwigite and takeuchiite or takeu- 
chiite and orthopinakiolite, depending on 
the exact preparation conditions. 

From a structural viewpoint the twin 
plane density decreases in the order ludwig- 
ite, orthopinakiolite, and takeuchiite. The 
succession of structures which form as a 
function of oxygen or Mn3+ content at 
1000°C is, on the other hand, ludwigite, ta- 
keuchiite, and orthopinakiolite. The results 
clearly indicate that takeuchiite always 
forms between the composition ranges of 
ludwigite and orthopinakiolite. Thus the 
premise outlined in the Introduction, that 
there should be a smooth progression from 
ludwigite via orthopinakiolite, takeuchiite, 
and ultimately pinakiolite as a function of 
composition, has been shown to be incor- 
rect. The twin plane repeat distance empha- 
sised in earlier studies is not a correct indica- 
tor for the structure-composition relations 
in this series. 

An alternative explanation for the se- 
quence found can be obtained by a consider- 
ation of Fig. 7. This shows the idealized 
structures of ludwigite and orthopinakiolite 
with the unit cell slabs highlighted. Exami- 
nation of this figure makes it clear that ta- 
keuchiite can be considered an ordered in- 
tergrowth of unit cell thick slabs of ludwigite 
and orthopinakiolite. It is then understand- 
able that takeuchiite falls between ludwigite 
and orthopinakiolite in composition. From 
this perspective it is of interest to inquire 
whether intergrowths other than the 1 : 1 
ludwigite : orthopiniakolite could form. 
None have been observed in this study. 

The composition variations across the 
composition range from ludwigite to ortho- 
pinakiolite require changes in the Mn3+-to- 
Mn2+ ratio. As the twin planes do not alter 
the composition of the matrix the change in 
structure with composition must be due to 
other factors. A reasonable suggestion is 
that the structures form so as to minimize 
the elastic strain energy in the crystals. The 

origin of the elastic strain energy is likely to 
be the Jahn-Teller distortions of the Mn3+- 
containing octahedra. This usually takes the 
form of two long bonds and four shorter 
bonds, causing the surrounding oxygen oc- 
tahedron to adopt a tetragonal form. The 
crystallographic studies detailed in Refs. 
(1-15) show that such distortions occur in 
all of the Mn3+-containing oxyborates. It 
would therefore appear that, for prepara- 
tions at lOOO”C, the structure adopted when 
the amount of Mn3+ or elastic strain is low- 
est is ludwigite and the structure adopted 
when the amount of Mn3+ or elastic strain 
is highest is orthopinakiolite. 

The Jahn-Teller distortion is temperature 
dependent and in general it has been found 
that the distortions decrease with tempera- 
ture. Thus one would expect that the low 
strain form, ludwigite, would tend to domi- 
nate at higher temperatures. This is in ac- 
cord with the observations. However, the 
degree to which distortions can be quenched 
in depends upon structure, and in the pres- 
ent case the conversion of one structure 
type to another requires considerable atom 
movement (19, 20). It is therefore not clear 
how easily the structure which is formed 
during reaction at lOOO”C, which presum- 
ably would be the one which minimizes 
strain energy at that temperature, will 
transform on cooling. Careful annealing 
experiments or high temperature X-ray 
studies will be needed to resolve this 
question. 

The pinakiolite structure appears to be 
preferred to the ludwigite structure at tem- 
peratures below 900°C. This suggests that 
pinakiolite is also a low strain structure and 
that ludwigite and pinakiolite are not at the 
extreme ends of a series related by cation 
vacancy concentrations but instead are low 
and high temperature phases. This is consis- 
tent with the fact that hulsite, an Fe- 
containing pinakiolite, forms without any 
Mn3+ present. As the Mn3+ content in- 
creased in the preparations made at 800°C 
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FIG. 7. Idealized polyhedral representations of the structures of (a) ludwigite and(b) orthopinakiolite. 
The length of the unit cells parallel to a are shown. The structure of takkuchiite (c) can be regarded as 
a 1 : 1 intergrowth of ludwigite and orthopinakiolite. 

pinakiolite was replaced by warwickite 
rather than by any of the twinned phases 
and it is not clear that pinakiolite does exist 
in the presence of twinned phases apart from 
in a disordered state which may be indica- 
tive of nonequilibrium. Further experiments 
will be needed to clarify this matter. 

The (100) twinning observed suggests that 
a new series of oxyborate structures may 
form under some experimental conditions. 

These new materials would also be related 
to the parent pinakiolite structure by regular 
twinning. The twin planes would, however, 
lie on the (100) planes in pinakiolite as op- 
posed to the (201)/( 101) planes and the vari- 
ous homologues would be generated by reg- 
ular twin plane separations given by some 
multiple of the pinakiolite u-axis repeat dis- 
tance. Further study is needed to explore 
this possibility. 



SYNTHETIC (Mg,Mn)sBOS OXYBORATES 465 

Acknowledgments 

J.J.C. is grateful to ICI pk. for financial support. 
Both authors are indebted to the SERC for an equip- 
ment grant which made this study possible. 

References 

1. Y. TAKI%JCHI, Mineral. J. 2, 19 (1956). 
2. Y. TAK~UCHI, T. WATANABE, AND T. ITO, Acia 

Crystallogr. 3, 98 (1950). 
3. Y. TAKBUCHI, N. HAGA, T. KATO, ANDY. MIURA, 

Can. Mineral. 16, 475 (1978). 
4. J. 0. BOVIN AND M. O’KEEFFE, Am. Mineral. 65, 

1130 (1980). 
5. J. 0. BOVIN, M. O’KEEFFE, AND M. A. O’KEEFE, 

Acta Crystallogr. A 37, 28 (1981). 
6. J. 0. BOVIN AND M. O’KEEFFE, Acta Crystallogr. 

A 37, 35 (1981). 
7. J. 0. BOVIN, M. O’KEEFFE, AND M. A. O’KEEFE, 

Acta Crystallogr. A 37, 42 (1981). 
8. J. A. KONNERT, D. E. APPLEMAN, J. R. CLARK, 

L. W. FINGER, T. KATO, AND Y. MIURA, Am. 
Mineral. 61, 116 (1976). 

9. P. B. MOORE AND T. ARAKI, Am. Mineral. 59,985 
(1975). 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

R. NORRESTAM AND J.-O. BOVIN, Z. Kristallogr. 
18, 135 (1987). 
J.-O. BOVIN AND R. NORRESTAM, Inst. Phys. 
Co& Ser. 2(93), 555 (1988). 
R. NORRESTAM, S. DAHL, AND J.-O. BOVIN, Z. 
Kristallogr. 187, 201 (1989). 
R. NORRESTAM, K. NEISEN, I. SOTOFTE, AND N. 
THORUP, Z. Kristallogr. 189, 33 (1989). 
R. NORRESTAM AND S. HANSEN, Zeit. Kristallogr. 
191, 105 (1990). 
B. G. HYDE, S. ANDERSSON, M. BAKKER, C. M. 
PLUG, AND M. O’KEEFFE, Prog. Solid State 
Chem. 12, 273 (1979). 
Y. TAK~UCHI, Recent Prog. Nat. Sci. Jpn. 3, 153 
(1978). 
B. G. BRANDT AND A. G. NORD, Chem. Commun. 
Univ. Stockholm 5 (1970). 
J. J. COOPER AND R. J. D. TILLEY, J. Solid State 
Chem. 63, 129 (1986). 
J. J. COOPER AND R. J. D. TILLEY, J. Solid State 
Chem. 58, 375 (1985). 
J. J. COOPER AND R. J. D. TILLEY, J. Solid State 
Chem., in press. 
S. HANSEN, U. HALENIUS, AND B. LINDQVIST, 
Neues Jahrb. Mineral. Monatsh. 5, 231 (1988). 


