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Anisotropic X-ray peak broadening and twin formation in hematite
derived from natural and synthetic goethite
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Abstract

Hematite obtained by dehydration of goethite at temperatures between 250◦C and 1000◦C was studied by X-ray powder diffraction (XRD),
transmission electron microscopy (TEM) and differential scanning calorimetry (DSC). Starting materials were goethite mineral and synthetic
goethite, respectively. Hematite derived from natural goethite shows narrow X-ray diffraction peak widths with little variation between the
reflections and marginal dependence on dehydration temperature. TEM imaging reveals the existence of large (>200 nm) hematite twin
domains, which is attributed to slow dehydration kinetics associated with the formation of few hematite nuclei.
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In contrast, strong anisotropic X-ray diffraction peak broadening is observed for hematite obtained from synthetic needle-shap
t low dehydration temperatures (T < 500◦C); the peak widths significantly decrease with increasing dehydration temperature. Anis
eak broadening is observed only for reflections, which structure factors are dominated by the iron sub-lattice and which are no

o both twin variants of hematite. In hematite producing the strong anisotropic X-ray peak broadening extremely small twin dom
izes ranging from 5 nm to 10 nm could be imaged by high-resolution TEM. Further, DSC and TEM observations indicate that de
inetics in coarse-grained natural goethite and fine-grained synthetic goethite differ considerably. It is concluded that during the d
eaction taking place at the large surface area of synthetic goethite crystals hematite nuclei with ambient orientation are rapid
hereby creating a finely twinned dehydration product. The experimental results prove that XRD peak broadening is mainly caus
winning.

2005 Published by Elsevier Ltd.

eywords: Goethite; Fe2O3; Electron microscopy

. Introduction

Iron oxides and hydroxides, particularly goethite, hematite
nd magnetite, are ceramic materials of utmost industrial im-
ortance, e.g. as colour pigments for inorganic dyes and as
agnetic pigments in recording media. For ferric pigments,

he dehydration of goethite (G),�-FeOOH, into water-free
ematite (H),�-Fe2O3, is one of the key steps in the produc-

ion. With respect to the reaction process, much attention has
een paid to two problems since the 1950s: (i) the mecha-
ism of transformation and (ii) the non-uniform broadening
f X-ray diffraction peaks of the resulting hematite. In con-
ection with the latter phenomenon, the microstructure of
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hematite as a function of dehydration temperature wa
tensively studied.

Porosity is one of the characteristics observed as
sult of the loss of water according to the dehydra
reaction:

2FeO(OH)→ Fe2O3 + H2O ↑ .

In low temperature dehydration products, Lima-de-Fa1

and other authors observed a very regular pore system
lel to the basal plane of hematite consisting of lamellae
a periodicity length of 3–4 nm.2–5 The pores serve as diff
sion paths for the water during the reaction. Dehydratio
higher temperatures leads to a decrease in the regularity
pore system.4,6,7There is great technological interest in g
erating nanometer-sized domains of magnetite for mag
recording media.

955-2219/$ – see front matter © 2005 Published by Elsevier Ltd.
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The goethite to hematite transformation was first studied
by Goldsztaub8 in the 1930s showing that the transformation
is topotactic with the lattice planes being parallel:

(100)G||(00.1)H and (010)G||(11.0)H.

The hexagonal closed-packed oxygen stacking sequence,
ABABAB, is preserved during the reaction. Hence, apart
from the loss of water, the dehydration reaction requires little
rearrangement of iron ions. Thereby, two twin orientations of
the hematite crystal may result, which differ only in the iron
sub-lattice, i.e. in the stacking sequence of the iron honey-
comb layers on positions�, �′, �′′ within the oxygen layers
A and B. The two possible stacking sequences are:

(1) A�B�′A�′′B�A�′B�′′,
(2) A�B�′′A�′B�A�′′B�′.

Since none of the two stacking sequences is preferred, the
resulting hematite will consist of a twinned microstructure
with two twin variants (1) and (2). The variants can be trans-
formed to each other by a mirror operation at the basal plane
of hematite (“basal” twins).1,9

Upon characterization of the dehydration product by X-
ray diffraction (XRD), it was observed already in the 1950s
that certain peaks in XRD powder spectra are unusually
broadened.10 The reflections of type (01.2), (10.4), (11.6),
(02.4), (01.8) and (21.4) are much broader than the reflec-
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can be shown to critically depend on the crystallinity of the
parent phase.

2. Experimental

The dehydration experiments were conducted on two dif-
ferent samples: (i) natural goethite from Lost Withiel, Corn-
wall, England, and (ii) fine synthetic goethite powder pro-
duced by Bayer (“Bayferrox AC 5104”). Prior to thermal
treatment the mineral samples were crushed to a powder
(crystal size∼ 1�m). For each sample, different reaction
temperatures and times were chosen, as listed inTable 1.
The samples were directly placed into the hot tube furnace,
and were quickly removed after the reaction time. This was
done to avoid modification of the product by the heating or
cooling procedure.

2.1. X-ray diffraction

In order to minimize intensity modification due the (010)G
crystal texture, which is common for natural goethite sam-
ples, the XRD powder scans of the crushed mineral samples
were recorded in Debye–Scherrer geometry. The data were
collected on a STOE powder diffractometer Stadi P, which
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ions of type (11.0), (11.3) and (30.0). This non-uniform p
roadening is observed exclusively in low-temperature d
ration products, i.e.T < 600◦C. In principle, three differen
pproaches have been made since then to explain the d

ion peak broadening: (i) the system of regularly alig
ore lamellae has been identified to produce satellite re

ions in electron diffraction,1,11and it was suggested to cau
he peak broadening also in recent studies.12 (ii) The fine
winning of the dehydration product may be a further
in of the peak broadening,13 and this has been shown
ently on corundum derived from dehydrated diaspore—
losely related oxide–hydroxide system of aluminium w
dentical structures of the oxyhydroxide and the oxide.14 (iii)
he majority of the studies was performed on hematite
ived from synthetic goethite which consists of fine nee
ith few nanometres in thickness, and therefore, the s
nisotropy of the crystals may be the origin of the p
roadening.12

In the present study, powder XRD and transmission e
ron microscopy (TEM) are applied to relate the peak br
ning of goethite-derived hematite to the microstructur

he material. In order to examine crystal size effects, the
ydration product derived from synthetic goethite pow
nd large-grained goethite mineral specimens are com

n detail, including differential scanning calorimetry (DS
ur experimental results shed some fresh light on the

esses involved in the dehydration of goethite, and we
e able to discuss and explain the non-uniform peak b
ning in connection with the observed microstructure.

hermore, the dehydration and the product’s microstruc
as equipped with a position sensitive detector (PSD, a
esolution: 0.03◦) and operated with monochromatic Co K�1
adiation. For the hematite samples obtained from synt
oethite material, a Philips PDM 3000 (Co K�1,2 radiation
ith Bragg-Brentano geometry was used. All powder X
cans were evaluated using DIFFRAKT 97, which allo
rofile fitting with high accuracy for each of the reflectio

.2. TEM studies

For TEM studies, the natural goethite crystals were
nto blocks of 6 mm× 1.8 mm× 0.3 mm. Since the startin

aterial consisted of several smaller crystals of various

able 1
eat treatment (temperature and time) of powder samples prepared
RD studies

emperature (◦C) Gnat (h) Gsyn (h) Gnat, TEM

40 – – 100 da

50 – 100 –
70 24 20 1 da

00 18 16 90 mina

50 1 1 7 mina

00 1 1 1 mina

00 1 1 –
00 1 1 1 h
00 1 1 1 h
00 1 1 1 h
000 1 1 1 h

nat: natural goethite sample, crushed to powder; Gsyn: synthetic finely
rained goethite; Gnat, TEM: samples prepared for TEM investigations.
a Indicates only partial transformation to hematite.
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entations, which penetrated each other, only few cuts along
defined crystallographic planes were possible.

The specimens were annealed at constant temperatures
ranging from 250◦C up to 1000◦C for different times, which
led to partial or complete transformation into hematite, re-
spectively. Heating parameters are given inTable 1. Af-
ter heating rapid cooling to room temperature was real-
ized by dropping the blocks on a cold metal plate. The cut
specimen pieces were glued together with their large faces
and were embedded in a corundum tube. TEM specimens
were prepared following standard techniques including cut-
ting, grinding, dimple grinding and ion beam thinning. The
TEM studies were performed on electron microscopes type
Philips CM30ST and type Philips CM300UT, both operated
at 300 kV.

2.3. Differential scanning calorimetry

The DSC studies (DSC 404, Netzsch, Germany) were car-
ried out with samples in platinum crucibles between room
temperature and 1000◦C at a heating rate of 15◦C/min. En-
thalpy effects were carefully calibrated with respect to poly-
morphous transformations of pure compounds such as KClO4
and Ag2SO4.
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Fig. 2. Full width at half maximum height (FWHM, representation as
FWHM·cosθ) of eight dominant hematite reflections obtained from natural
goethite as a function of dehydration temperature.

determined by multiple fitting with an accuracy of 0.015◦.
Up to 800◦C, all reflections produce rather sharp peaks with
similar FWHMs of approximately 0.25◦. In materials dehy-
drated between 800◦C and 1000◦C, a slight decrease in peak
width is detectable for all observed reflections which is due
to coarsening of powder grains.

3.1.2. Synthetic goethite
Fig. 3shows a set of XRD scans of hematite obtained from

synthetic goethite powder after dehydration. Although the de-
hydration parameters are the same as for the natural sample,
the scans look very different. After low-temperature dehydra-
tion, e.g. at 270◦C, certain peaks are extremely broadened;
for some of the diffraction lines FWHM values in excess of
1◦ are observed. This result is in contrast to the sharp peaks
obtained from the natural goethite sample, however, it is in
good agreement with earlier studies on synthetic goethite.2,6

The values of FWHM·cosθ versus dehydration temperature
are shown inFig. 4, estimated errors in the FWHM measure-
ments are <0.04◦.

Based on peak widths measured after dehydration at tem-
peratures <400◦C (Fig. 4), the XRD reflections may be clas-
sified in three groups:

F syn-
t

. Results

.1. X-ray diffraction

.1.1. Natural goethite
A set of four powder diffraction scans of hematite is gi

n Fig. 1, obtained from natural goethite after dehydra
t 270◦C, 400◦C, 600◦C and 1000◦C, respectively. The fu
idth at half maximum (FWHM) of the eight strongest pe
as measured for all spectra. From powder XRD theory
nown that peak width depends on the Bragg angle by 1/θ
or isotropic materials. Thus, for better comparison, the p
idths are plotted in terms of FWHM·cosθ versus dehydra

ion temperature as shown inFig. 2. The FWHM values wer

ig. 1. XRD powder scans of hematite obtained from crushed na
oethite samples after dehydration at 270◦C, 400◦C, 600◦C and 1000◦C.
ig. 3. XRD powder scans of hematite obtained after dehydration of
hetic goethite at 270◦C, 400◦C, 600◦C and 1000◦C.
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Fig. 4. Full width at half maximum height (FWHM, representation as
FWHM·cosθ) of eight dominant hematite reflections obtained from syn-
thetic goethite as a function of dehydration temperature.

• Group I includes the narrow peaks of the reflections (11.0),
(11.3) and (30.0), for which the peak widths are 0.3–0.5◦.
These reflections are of type (hk.l) with l = 0 or l = 3n
(n = odd).

• Group II comprises the extremely broadened reflec-
tions (01.2), (10.4), (02.4), and (21.4), with peak widths
(FWHM·cosθ) between 0.8◦ and 1◦. The reflections are of
typel = 2n (n �= 0 andn �= multiple of 3).

• The (11.6) reflection exhibits peak widths of approxi-
mately 0.65◦ which makes it belong to a separate group
(l = 6n). The three groups of reflections will be discussed
below.

The measured peak widths of all reflections remain nearly
constant for dehydration temperatures up to 400◦C. In ma-
terials dehydrated at temperatures >400◦C, all observed re-
flections continuously sharpen with increasing temperature.
At temperatures≥800◦C, the reflections of all three groups
converge to the same small width (≈0.2◦), thus approach-
ing the FWHM values as observed for hematite derived from
natural goethite.

3.2. TEM observations

3.2.1. Natural goethite
Upon dehydration, the natural goethite sample developed

a
i ller
g llae
c ttern
( c-
t d to
3

ral
g ges.
R do-
m field
i ical
e s

Fig. 5. Transmission electron microscopy of hematite derived from nat-
ural goethite by dehydration at 300◦C for 1.5 h: (a) bright field image
in [21̄1̄0]H showing typical porous lamellae parallel to the basal plane
of hematite and (b) corresponding electron diffraction pattern in [21̄1̄0]H
which is of virtually one twin domain. Periodically spaced pore lamel-
lae cause satellite reflections, also near hematite reflections due to double
diffraction.

Fig. 6. TEM dark field image of hematite derived from natural goethite by
dehydration at 350◦C for 7 min: image taken with reflection of type (10.4)
and illuminating one of the twin variants. Dark regions are of the second
twin variant.
very regular pore system in the product (Fig. 5a), sim-
lar to the ones described in literature for much sma
oethite crystals. The regularity of the pore lame
auses satellite spots in the electron diffraction pa
Fig. 5b). From bright field images and from diffra
ion patterns, the spacing of the lamellae is measure
.7(2) nm.

Also, twin domains in hematite derived from natu
oethite can be easily visualised in dark field TEM ima
egardless of the dehydration temperature, large twin
ains develop in the product. Therefore, all the dark

mages of the “natural” hematite appear similar. A typ
xample is shown inFig. 6 where twin domains with size
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>100 nm are obtained after (partial) dehydration at 350◦C.
At lower temperatures, even somewhat larger domains are
observed.

3.2.2. Synthetic goethite
A similar pore system is also observed in the low-

temperature dehydration products of the synthetic goethite
powders. Bright field images (Fig. 7a–d) support the find-
ings of previous studies:4 the pore lamellae are almost per-
fectly arranged in the 250◦C sample (Fig. 7a). In the 400◦C
sample (Fig. 7b), the pore system has already merged, al-
though the overall shape of the goethite needles is preserved
during dehydration. After dehydration at 600◦C (Fig. 7c),
the needles are rounded and only few residual and almost
spherical pores are observed, whereas after the dehydration
at 1000◦C (Fig. 7d), the needles have agglomerated and sin-
tered to large hematite crystals of more than 500 nm in size.
Electron diffraction patterns indicate that these grains are sin-
gle crystalline, i.e. they exclusively show one singular twin
orientation.

TEM dark field imaging or lattice imaging of hematite nee-
dles produced from synthetic goethite at low temperatures
is extremely difficult and was never reported in the litera-
ture. The material is extremely sensitive to radiation damage
and electron beam heating, which becomes apparent in the
electron microscope by fluctuating contrasts and changes in
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Fig. 7. Transmission electron micrographs of hematite produced from syn-
thetic goethite needles by dehydration: (a) 250◦C for 100 h; (b) 400◦C for
1 h; (c) 600◦C for 1 h; and (d) 1000◦C for 1 h.
he pore structure inside the hematite needles upon i
ng with electron doses regularly used for imaging. To o
ome the radiation problem, we used a low-dose techn
here coarse focussing was performed on the carbon
t some distance from the region of interest. High res

ion imaging of the hematite needles was achieved by
equently acquiring focus series on the CCD camera w
ow electron dose. Since the needles are usually stack
ifferent heights on the carbon support, chances to o
ptimally focussed images of the crystals are improve

aking focus series. One member of a focus series is s
n Fig. 8where two hematite needles with lattice fringe c
rast are imaged. Crystal 1 exhibits (01.2) lattice fringes
n the lower part indicated by black arrow, the fringe c
rast abruptly terminates at the tip of the needle. Crys
xhibits lattice fringes of type (10.4), however, they un
ictably disappear at some locations (white arrows). Ano
xample is shown inFig. 9where a larger crystal is imag
nd studied (marked by boxed area). The crystal is o

ated close to〈22̄01〉, and one set of the{01.2} planes is
trongly excited (coarse fringes on the left is Moiré contrast)
he strong{01.2} fringe contrasts are visible in more de

n the magnified image (Fig. 9b). Similar to the contrast b
aviour observed inFig. 8, the fringes vanish in some regio
f the crystal. The regions imaged with and without fri
ontrast are shown schematically inFig. 9c. Such contras
hanges can be observed in many of the hematite cry
maged under low-dose conditions. This phenomenon
ot be explained by crystal bending; it must be rather
ociated with an abrupt change in crystal orientation.
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Fig. 8. High resolution TEM image of hematite derived form synthetic
goethite by dehydration at 300◦C for 16 h. Crystal 1 shows (01.2) lattice
fringes only on one side of the hematite needle (black arrow). Crystal 2
shows alternating appearance of (10.4) fringes (black arrows) separated by
regions without fringe contrast (white arrows).

only reasonable explanation is twinning of the hematite crys-
tals. As could be shown inFigs. 8 and 9, one twin variant
may be (accidentally) oriented to fulfil the Bragg condi-
tion for a set of lattice planes. However, the second twin
variant is usually out of contrast. In thick hematite crys-
tals, as the one shown inFig. 9 with thickness of approx-
imately 20 nm, the domains without fringe contrast appear
smaller because diffracting twin domains may overlap in the
direction of projection and thus dominate the image, even
if their dimensions are only a small fraction of the crystal
thickness in projection. From the present analysis, the sizes
of the twin domains can be estimated to be between 5 nm
and 10 nm under the assumption that coarsening of twin
domains did not occur during imaging in the electron mi-
croscope. Such domain sizes are close to the limit where
nanometre-sized crystallites appear amorphous in X-ray
diffraction.

3.3. DSC measurements

The DSC scans are displayed inFig. 10 for the nat-
ural and the synthetic goethite samples, respectively. The
synthetic goethite sample dehydrates at much lower tem-
perature (240–320◦C, Fig. 10b) compared to the natu-
ral sample (340–400◦C, Fig. 10a). Additionally, the en-
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dothermic peak for the synthetic sample is split into (at
least) three different maxima, whereas the DSC curve
for the natural sample indicates a single step dehydration
process.
ig. 9. High resolution TEM image of hematite derived form synth
oethite by dehydration at 300◦C for 16 h: (a) Agglomerate of hemat
eedles. The crystal with the boxed area is oriented close to〈22̄01〉 and
hows Moiŕe fringes on the left from overlapping needle; (b) blow up of
oxed area of (a) shows (01.2) lattice fringes (3.684Å) at this focus setting
ote that the fringes appear only in some regions; second twin variant

n contrast; (c) schematics of the distribution of twin variants in the hem
eedle. Hatched: twin variant I including regions where both twin var
verlap. Grey: regions of twin variant II only.
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Fig. 10. Differential calorimetric scans. Scan from (a) crushed goethite min-
eral and (b) synthetic goethite needles. Endothermic peaks at approximately
100◦C stem from surface-adsorbed water.

4. Discussion

4.1. Non-uniform peak broadening and structure factors

The lamellar pore system in goethite-derived hematite,
as it is displayed inFig. 5a, was believed to be responsi-
ble for the XRD peak broadening even in recent literature.12

However, the present study reveals that sharp XRD reflec-
tions are observed in hematite derived from natural goethite.
This observation clearly proves that the pore lamellae are not
causing any XRD peak broadening. The origin of the satel-
lite spots in electron diffraction has been discussed in detail
in recent studies on the dehydration process of diaspore.15

Only the satellite spots around the primary beam are kine-
matic diffraction phenomena originating from single scatter-
ing processes, whereas satellites associated with reflections
of the hematite crystal are caused by double diffraction. This
phenomenon, hardly avoided in electron diffraction, is the re-
sult of the rather strong interaction of electrons with matter.
However, double X-ray diffraction could also occur in large
crystals. In fact, Lima-de-Faria has been able to observe these
satellite spots in X-ray single crystal diffraction patterns of
large corundum and hematite crystals.1 Additional informa-
tion on the pore system could also be obtained by means of
small angle X-ray scattering experiments (SAXS).

Also the presence of residual hydrogen has been repeat-
e ening

Fig. 11. XRD powder scan of synthetic goethite needles showing line widths
(FWHM·cosθ) between 0.3◦ and 0.65◦.

as it might introduce stacking faults into the cation stacking of
hematite.16,17 However, hydrogen analysis revealed that the
highest residual concentrations of hydrogen were found in the
low temperature dehydration products of natural goethite. In
these samples, however, peak broadening is not observed,
thus a hydrogen-related interpretation can be ruled out.

The fine crystalline synthetic material exhibits drastic
broadening after low temperature dehydration. Such nano-
sized material with crystals of approximately 200 nm in
length and only 10–20 nm in thickness is expected to produce
non-uniform broadening of diffraction peaks. In line with
this conclusion, it would be essential to compare diffraction
lines of the starting material with the dehydration product.
Since the size of the needle-shaped crystals remain virtually
unchanged during dehydration at low temperature, it would
be interesting to study possible differences in the diffrac-
tion peaks—a study so far not reported in the literature.
The XRD scan of the synthetic goethite sample is shown
in Fig. 11. Despite of the anisotropic shape of the goethite
needles the XRD data show little texture-related variation of
diffracted intensity. Relative intensities of all reflections ob-
served in XRD agree will with reported diffraction data of
goethite.18 Peak widths for the starting material range from
0.3◦ to 0.65◦; these values correspond very well to the widths
of the narrowest reflections after dehydration to hematite.
Hence, the “residual” broadening of the narrow group I reflec-
t hape
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dly discussed as a possible reason for the peak broad
 ,

ions of hematite should indeed be ascribed to crystal s
nisotropy, whereas the additional peak broadening of g

I reflections is not explicable by crystal shape argum
lone.

Nanometre-scaled twinning of hematite appears to b
nly plausible explanation for XRD peak broadening. As
cribed above, the observed hematite twinning results
wo different iron stacking sequences in the same ox
ramework. In a finely twinned product, only the iron sta
ng shows two variants and hence is discontinuous, whil
xygen sub-lattice remains apparently unaffected.9,14 Thus,

t is important to analyse which of the X-ray reflections
ominated by scattering at iron atoms and oxygen atom
pectively. For this purpose simulated XRD spectra of
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Fig. 12. Calculated XRD scans: hematite structure (top), oxygen sub-lattice
of hematite (centre), and iron sub-lattice of hematite (bottom).

hematite crystal, as well as of the oxygen sub-lattice and the
iron sub-lattice were calculated separately; the results are dis-
played inFig. 12. It is evident that reflections such as (01.2),
(10.4), (01.8), (02.4) and (21.4) are strongly dominated by
scattering at the iron sub-lattice. In contrast, the (11.3) reflec-
tion originates from the oxygen sub-lattice only (reflections
l = odd are forbidden for atoms on Wyckhoff position 12e,
i.e. for iron). Some of the reflections contain contributions
from both sub-lattices, e.g. the reflections (11.0), (11.6) and
(30.0).

By comparing these findings with the experimental results
(Figs. 3 and 4), it is obvious that the strongly broadened reflec-
tions in group II are essentially originating from the iron sub-
lattice, whereas the (11.3) reflection of the oxygen sub-lattice
remains sharp. This is the first support for the twinning argu-
ment. Different broadening behaviour is found for the “mixed
reflections”: while the (11.6) reflection is significantly broad-
ened, the (hk.0) prism plane reflections remain sharp due to
the fact that the prism planes of hematite are not affected by
the twinning operation. Reflections of type (hk.0) are com-
mon reflections of both twin variants which may be visualized
in electron diffraction patterns (seeFig. 5b). A final and strong
argument for twinning-related diffraction peak broadening is
the direct proof of nanometre-scaled twin domains in high
resolution TEM images. Such fine-scaled twinning could be
observed only in hematite crystals dehydrated from synthetic
g ows
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t
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h tomic
s m.

nc-
t but
a sing
d izes
a ing.
H idth

of the X-ray reflections with increasing dehydration tempera-
ture: annihilation of twin domains and coarsening of powder
grains, respectively.

It is astonishing that most of the reports on XRD peak
broadening on goethite-derived hematite did not compare
their findings to the results of one of the most essential article
on goethite dehydration by Lima-de-Faria1 who did not ob-
serve broadening at all. The discrepancy between differing
results is explicable by the fact that most of the articles in
recent literature refer to fine-grained synthetic goethite sam-
ples, whereas Lima-de-Faria reported on the dehydration of
large-grained natural mineral samples.

4.2. Generation of twins by nucleation and growth

Obviously there exists a correlation between the crystal
size and the size of twin domains in the dehydration prod-
uct. For this discussion, we refer to our results on corundum
produced by dehydration of diaspore.14,19 It has been pro-
posed that the size of the twin domains depends on the rate
of nucleation and the rate of phase growth: finely twinned
crystals are developed when the nucleation rate is high, i.e.
many new twin nuclei are formed during dehydration. Oth-
erwise, if the nucleation rate is low, a once formed nucleus
will gradually grow to one large twin variant. In other words,
large twins refer to a low nucleation rate. As shown in the
c ic re-
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xtreme anisotropic peak broadening in X-ray powder sc
t is worth mentioning that there is a direct analogy betw
iffraction peak broadening in hematite from dehydrated

hetic goethite and diaspore-derived corundum.14 One differ-
nce is that the (11.6) reflection is much more broaden
ematite as compared to corundum due to the higher a
cattering amplitude of iron in comparison with aluminiu

It can be seen from the plots of peak widths as fu
ion of temperature that not only the iron-dominated,
lso the oxygen-related reflections sharpen with increa
ehydration temperature. Increasing overall crystallite s
t elevated temperatures were confirmed by TEM imag
ence, two different effects are influencing the angular w
losely related diaspore/corundum system, the topotact
ction always starts at the free crystal surface where n
tion is facilitated by little mechanical constraints and by
asy release of water.

At this point, we refer to our calorimetric studies of the t
ypes of goethite samples. In accordance with the resu
ord and Bertsch20, we observed (at least) three distinct
othermic events in the dehydration process of the synt
oethite sample. These authors20 distinguished between su

ace and bulk dehydration by relating three (of four) endot
ic peaks to surface dehydration and the last and stro
ne to bulk dehydration. Similar yet less specific conclus
ere drawn by Goss21 and Walter et al.22 According to thes
uthors, the activation energies for surface and bulk deh

ion differ significantly.
The most significant difference between natural and

hetic goethite is the grain size and thus its surface-to-vo
atio of the material. The results of the present study stro
ndicate that this difference can be referred to the nucle
nergy of the new phase, i.e. hematite. Synthetic goethite
large surface-to-volume ratio dehydrates at significa

ower temperatures in comparison with the natural goe
ineral. Surface dehydration is likely to be accompanie

pontaneous formation of a large number of hematite nu
s the nuclei randomly adopt one of the two twin orien

ions, a finely twinned material is obtained from the synth
amples. In contrast, few nuclei are formed in the bulk
erial. The reaction will slow down as the reaction front p
eeds into the interior of the goethite crystal due to incr
ng constraints for nucleation of hematite. Iron ions relea
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from decomposing goethite are re-precipitating on existing
hematite nuclei. Thus the prevailing twin variants will fur-
ther grow to dominating twin domains. This conclusion is
strongly supported by TEM dark field imaging of partially
transformed material, where the prevailing twin domains are
in contact with goethite. Therefore, transformation of large-
grained natural goethite is dominated by bulk dehydration,
i.e. at inner goethite–hematite phase boundaries, where con-
straints for the reaction are likely to be independent of the
location. Hence, only one peak is observed in the differential
calorimetric scan for dehydration of the goethite mineral.
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7. Pomìes, M. P., Menu, M. and Vignaud, TEM observations of goethite
dehydration: application to archaeological samples.J. Eur. Ceram.
Soc., 1999,19, 1605–1614.

8. Goldsztaub, S., Deshydratation des hydrates ferriques naturel.
Comptes rendus de l’Académie des Sciences, 1931,193, 533–535.

9. Watari, F., van Landuyt, J., Delavignette, P. and Amelinckx, S., Elec-
tron microscopic study of dehydration transformations. I. Twin for-
mation and mosaic structure in hematite derived from goethite.J.
Solid State Chem., 1979,29, 137–150.

10. Rooksby, H. P., Effect of heat-treatment on goethite and lepidocrocite.
In X-ray Identification and Crystal Structures of Clay Minerals, ed.
G. W. Brindley. Miner. Soc., London, 1951, pp. 260–261.

11. Watari, F., Delavignette, P. and Amelinckx, S., Electron microscopic
study of dehydration transformations. II. The formation of “super-
structures” on the dehydration of goethite and diaspore.J. Solid State
Chem., 1979,29, 417–427.

12. Jiang, J. Z., Stahl, K., Nielsen, K. and da Costa, G. M., Anisotropic
x-ray line broadening in goethite-derived haematite.J. Phys. Condens.
Matter, 2000,12, 4893–4898.

13. Watari, F., van Landuyt, J., Delavignette, P., Amelinckx, S. and Igata,
N., X-ray peak broadening as a result of twin formation in some
oxides derived by dehydration.Phys. Status Solidi (a), 1982, 73,
215–224.
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