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Defect microstructure and dehydroxylation
mechanism of interstratified phyllosilicates:
a TEM study
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The dehydroxylation mechanism of natural phyllosilicates containing interleaved chlorite and
serpentine layers and defects such as dislocation, stacking faults, microcleavage and folding
were studied by transmission electron microscopy. Upon irradiation of electrons, epitaxial
magnesium hydroxide was formed after phyllosilicates and the microcracks were preferentially
formed at interleaved areas, stacking faults and other defects. Microcracks then extended
along basal layers and coalesced to form larger cracks. Prolonged exposure to electron radiation
resulted in the complete dehydration of phyllosilicates into periclase particles of several nano-

metres in size and probably other microcrystallites within the residual silica matrix.

1. Introduction
Thermal decomposition of carbonates, hydroxides
and hydrosilicates generally known as calcination is
commonly used to produce sinterable powder in the
ceramics industry. Generally speaking, decomposition
of these materials involves removal of hydroxyl radicals
from the layered structures and is closely related to the
partial pressure of H,O or CO,. Kinetic studies on the
removal of the hydroxyl radicals by measuring weight
loss as a function of time and temperature have been
conducted in air or under vacuum conditions for car-
bonate [1], brucite [2-8], kaolinite and halloysite [9-11].

The structural changes which occur during H,O or
CO, loss have been studied by various authors. By
electron radiation on basal layers (top view) using
transmission electron microscopy (TEM) technique,
Goodman [12] concluded that the decomposition of
brucite occurs in two stages: first, there is a small
shrinkage in the basal plane, and the resulting strain
causes a collapse of the plane down the original
(000 1) of magnesium hydroxide. However, the clec-
tron diffraction measurements of the lattice parameter
of brucite decomposed in situ either by electron beam
heating or hot stage heating [13] is not consistent with
Goodman’s hypothesis of homogeneous nucleation
[12]. Since 1958 great progress on TEM imaging
has been made, therefore, more detailed information
about the structural changes at various orientations
during decomposition of layered minerals could be
obtained by studying their lattice images. It is known
that the heat produced by electron bombardment
causes the disappearance of (002) fringes of chlorite
[14], and the formation of voids in kaolinite [15]. It
also causes loss of crystallinity in kaolinite {15] and
chrysotile [16].

The interlayering in phyllosilicates, particularly
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among clay minerals has been well documented ([17-25]
and literature cited herein) e.g. ordered and disordered
chlorite-biotite interstratification as alteration pro-
ducts of chlorite was observed [24]; the interstratifica-
tion of chlorite with serpentine or mica was observed
in pelitic rocks of low grade metamorphism ([25] and
literature cited herein) and the possible ambiguous
TEM interpretation of mixed layers discussed [25].
The stacking disorder in chlorite has been studied
by high resolution transmission electron microscopy
(HRTEM) [26, 27]. Deformation defects such as micro-
cleavage, bending and kinking have also been found in
phyllosilicates by HRTEM ([27] and literature cited
herein). The coherent exsolution phases termed GP
(Guinier-Preston) zones as in alloys have also been
observed in phyllosilicates [18]. The GP zones, inter-
layers, and deformed defects may cause considerable
strain in the surrounding structure, and are likely to
be the preferred sites for dehydroxylation. The dis-
turbance, if any, of the stacking fault during electron
irradiation may also play an important role in the
decomposition of the basal layers of phyllosilicates.
Data from a survey of TEM observations of micas
and other phyllosilicates which show fissures imply
that the fissures are directly associated with the dif-
fusivity of the interlayer cations [28].

In the present study, the one-dimensional lattice
images of the interstratified phyllosilicates of local
occurrence were investigated by TEM with a view to
looking for the causes of the undulatory extinction
observed under polarized microscopy [29] and to
studying the dehydroxylation process by electron
beam heating. The edge-on view of the layered struc-
tures and the defect microstructure observed during
electron irradiation provide information about the
decomposition mechanism.

0022-2461/90 $03.00 + .12 © 1990 Chapman and Hall Ltd.



2. Experimental details

Naturally occurring hand specimens of podiform
chromitite containing dominantly chromium spinel,
phyllosilicates, carbonates, and oxides were recovered
from Kenting melange, southern Taiwan [29]. Accord-
ing to the electron probe microanalysis (EPMA), the
phyllosilicates surrounding the brecciated chromium
spinel grains consist of chlorite (clinochlore) and
serpentine whose chemical formulae are [29] (Ca,
Crog Al g FegooMg,7) [(Sizg Al )0 ] (OH)y  and
(Cag gy FegosCroor Aloos M5 [(S1).04 Algos) OsJ(OH),,
respectively.

The phyllosilicates selected from thin sections were
ion-milled to electron transparency for TEM (using a
JEOL 200CX instrument) studies. lon milling involves
heating the sample in vacuum, however the decom-
position of phyllosilicates is minor if the accelerating
voltage and current were reduced. Electron irradiation
at 200kV, under 10~ *atm, were adopted as the heat-
ing source for dehydroxylation of the phyllosilicates.
The edge-on view of the lattice images subjected to
various electron doses was taken with reflections pass-
ing through a 40 um objective aperture centred on the
incident beam. Most of the lattice images were selected
from experimental through-focus series generally
recorded in the 80 to 120 nm range of underfocusing.
Conventional bright-field images (BFI), dark-field
images (DFI) and the corresponding selected area
diffraction (SAD) patterns were also taken during
observation. Energy dispersive X-ray (EDX) analysis
coupled with scanning transmission electron micro-
scopy (STEM, using also JEOL 200CX instrument at
40kV) was used for the qualitative chemical analysis
on TEM sample foils.

3. Results

3.1. Before dehydroxylation

Phyllosilicates in chromitite can generally be divided
into the chlorite-rich and the serpentine-rich layers
which may be up to several micrometres in thickness
according to their optical properties, SAD patterns
and the EPMA analysis [29]. In the transition zone
between chlorite and serpentine, the interstratified 1.4
and 0.7 nm basal layers along with their multiples were
characteristic. However, the multiples, e.g. 2.1 nm, are
generally not enough to give the diffracted spots in the
SAD pattern. Such a capability to give various stack-
ing sequences has already been pointed out and inter-
preted as a likely polytypic behaviour of the 0.7 nm
phase [23, 25] although an ambiguity due to imaging
conditions may arise in the TEM image interpretation
of a (2 x 0.7)nm possible repeated stacking sequence,
and a 1.4 nm chlorite structure, particularly when they
are mixed [25]. Significant packets of 0.7nm layers
may be sandwiched between blocks of 1.4nm layers.
Also individual 0.7nm layers, generally randomly
mixed with chlorite layers (indexed according to SAD
patterns) were also found (Fig. 1). Structures similar
to such 0.7nm layers within 1.4 nm layers were also
observed ([25] and literature cited herein) and the
0.7nm phase interpreted as the precursor of 1.4nm
chlorite [25] according to the chlorite-synthesis study
[30].

Figure | Transmission electron micrograph of chlorite-rich area of
phyllosilicates showing intergrowths of individual serpentine (S)
and chlorite (C) basal layers in chlorite matrix.

The semi-random [26, 31] or complete-random [27]
stacking sequence of the chlorite layers cannot be
resolved in one-dimensional lattice image. However,
by tilting away from the edge-on orientation, stacking
faults were revealed by DFI (Fig. 2a). These stack-
ing faults have fringes bound by dislocations and
occasionally form loops (Fig. 2a). The corresponding
top view (Fig. 2b) shows the modulated contrast due
to the combined effects of Moire and dislocation con-
trast. Exact determination of the chlorite polytypes,
especially the shift vectors across the talc-like and
brucite-like sheets, is beyond the scope of the present
TEM study, because complete specification of chlorite
polytypism requires either HRTEM combined with
X-ray diffraction analysis or HRTEM images from
more than one major zone of the same crystal [26].
However, the Moire fringes running in three direc-
tions (Fig. 2b) and the corresponding SAD pattern
(Fig. 2¢) indicate that three basic stacking variants
probably dominate in the chlorite phase. Local bend-
ing (Fig. 3a) or mismatching (Fig. 3b) of the basal
layers of chlorite results in the offset of diffraction
streaks in the SAD pattern. Diffraction streaks along
c* are likely to be due to stacking variants and stack-
ing faults of the basal layers. The deformation defects
such as microcleavage (Fig. 3¢) and folding or kinking
(Fig. 3d) are also present in chlorite.
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Figure 2 Transmission electron micrograph showing (a) DFI of stacking faults, dislocations and loops after filting from edge-on orientation
of chlorite, (b) top view of the same area showing Moire fringes and dislocation which gives modulated contrast, (c) SAD pattern with
electron beam perpendicular to the stacking faults of chlorite basal layers.

3.2. Decomposition observations

During TEM observations, the dislocations in the
interstratified chlorite and serpentine move, and modify
the stacking sequence of the phyllosilicates. In addition
to this process, the disappearance or appearance of the
(002) fringes of chlorite under the electron beam
likely to be due to a ““defocalisation’ or thickness
effect [25] was observed and epitaxial magnesium
hydroxide having the following preferred crystallo-
graphic relationship to the phyliosilicates

(00 1)phyllo//(000 1)Mg(OH),;
(06 0)phyllo//(1120)Mg(OH),

was found (Fig. 4). The diffraction spots of Fig. 4
correspond to partially decomposed phyllosilicates
and brucite, whereas the rings in Fig. 4 can be indexed
as oxides having rock salt structure and are diffracted
from particles less than 10 nm in size as shown in the
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DFI (Fig. 5). Note that the preferred orientation of
MgO particles occurs as shown by the {220} arc
superimposed on the {220} ring in Fig. 4. These
preferentially oriented MgO particles have their (111)
planes normal to the electron beam direction in Fig. 4.
Since {200} diffraction spots of the preferentially
oriented MgO particles are not at Bragg condition in
Fig. 4, no arc was found on the (200) ring. By com-
paring the arcs of MgO and adjacent diffraction spots
of brucite the following crystallographic relationships
are obtained

(0001)Mg(OH),//(111)MgO;
[1120]Mg(OH),//[10T]MgO

which are consistent with those reported previously
[1,4,7, 12, 13]. Since magnesium is the most abundant
cation in the undecomposed chlorite and serpentine,
the newly formed oxide particles are most likely to be
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Figure 3 Transmission electron micrograph of chlorite showing (a) bending, (b) mismatching, (c) microcleavage and (d) folding of the basat

layers viewed edge-on.

periclase, MgQO containing a small amount of alloying
clements though not enough to analyse by the STEM-
EDX technique. With still longer exposure to electron
irradiation, the amount Mg(OH), decreases whereas
MgO increases. The residuals of the decomposed
phyllosilicates probably also contain amorphous silica
as indicated by the diffuse intensity in the SAD pattern
and the detection of silicon in the EDX analysis.
However the presence of a small quantity of micro-
crystallites such as quartz [19] or other oxides in the
decomposed product of phyllosilicate cannot be
excluded because cations other than Si** are present
in the parent phyllosilicates.

3.3. Formation of cracks

After a few minutes exposure to the electron beam, a
large number of microcracks having widths of the
individual layers and length measured tens of nano-
metres are formed at stacking faults, interleaved areas
and deformation defects, and gives strain contrast

(Fig. 6) in the interstratified phyllosilicates. These

microcracks are similar to the lenticular fissures
observed in other phyllosilicates ([28] and literature
cited therein). The microcracks then extend in length
by coalescence of the individual ones parallel to the
basal layers until large cracking and separation
occurs. Extensive fissuring (or cracking) network of
decomposed product was also observed (Fig. 7).

4. Discussion

4.1. Defect microstructure

According to the chemical formula the present chlorite,
with its high content of magnesium and low content of
aluminium and iron can be classified as clinochlore. It
follows that most of the octahedral layers in chlorite
remain tri-octahedral and the transition from chiorite
to serpentine layers may not be a sharp boundary as
indicated by optical microscopy observations. The
0.7nm layer of serpentine could probably be the pre-
cursor of the l.4nm chlorite layer as previously
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Figure 4 SAD pattern and schematic indexing of interstratified
chlorite-serpentine taken after a few minutes of electron irradia-
tion, showing epitaxial magnesium hydroxide and polycrystalline
magnesium oxide formed by decomposition of the phyllosilicates.

suggested {25, 30]. The undulatory extinction of both
chiorite and serpentine observed by polarized micro-
scopy [29] is closely related to the strain contrast
which is in turn caused by the combined effects of
composition variation, stacking faults, deformation
defects, and the distortion of the ideal octahedral
and/or tetrahedral networks as revealed by the present
defect microstructure observations. The deformation
defects in chlorite were probably formed by plastic
deformation during ocean floor metamorphism subse-

Figure 5 Transmission electron micrograph (DFI) of decomposed
phyllosilicates showing magnesium oxide particles (bright) in
residual silica matrix.
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Figure 6 Transmission electron micrograph of interstratified
chlorite-serpentine showing coalesced microcracks parallel to the
basal layers.

quent to the plastic deformation episodes of the host
chromium spinel grains [32].

4.2. Factors of dehydroxylation

Electron bombardment and heating effects are the
main factors causing damage of the sample foil during
TEM observations. The heating effect is responsible
for homogeneous nucleation and growth of the peri-
clase particles and formation of the residual silica
during dehydroxylation of the phyllosilicates. The
additional effects of vacuum and electron bombard-
ment can significantly lower the dehydroxylation tem-
perature and accelerate formation of the cracks.

4.3. Dehydroxylation mechanism

The coherent brucite-serpentine intergrowths have
been reported in the high resolution TEM study of
carbonaceous chondrite [33]. The epitaxial brucite
diffraction spots do not appear initially until after
several minutes of electron irradiation of the present
phyllosilicates sample, indicating that brucite was
formed by dehydroxylation rather than being inherent

Figure 7 Transmission electron micrograph of MgO showing crack
network formed during the decomposition of brucite.



in the hand specimens. In contrast to the selective
decomposition of brucite sheets in heated chlorite by
X-ray diffraction study [34], electron irradiation of
clinochlore chlorite causes preferential damage of
talc-like layers rather than brucite-like layers [26]. The
chlorite~brucite transformation is probably facilitated
by movement of the stacking faults and dislocations
during electron irradiation so that the brucite-like
sheets can be detached. It is also likely that cation-
diffusion-induced formation of fissures play a role in
the chlorite-brucite transformation analogous to the
transformation of paragonite into pyrophyllite [28].

The subsequent decomposition of brucite into peri-
clase could initially retain the preferred orientation
relationship as indicated by arcs of MgO adjacent to
the diffraction spots of partially decomposed brucite.
This stage is not obvious in the present observation
due to interference of the diffraction spots of the
residual phyllosilicates and the subsequent loss of the
preferred orientation of MgO particles. The loss of
preferred orientation relationship suggests a likely
nucleation and growth mechanism of MgO particles
beyond a critical size similar to the oxidation in other
composition systems ([35] and literature cited therein)
although a complete film of the phenomenon as a
function of time was not obtained due to the fast
decomposition of brucite and growth of MgO par-
ticles. The preferred orientation relationships among
phyllosilicates, brucite and periclase are due to the
correlation between oxygen octahedra in the parent
and product solids as suggested for the decomposition
of brucite and magnesite [13].

4.4. Mechanism of crack formation

The present TEM study indicates that cracks or
pores form preferentially at stacking faults, interleaved
layers or at the deformation defects such as microcleav-
age and mismatched area, indicating the dehydroxyl-
ation of interstratified chlorite—serpentine is an
inhomogeneous process, as has been suggested for the
dehydroxylation of kaolinite, halloysite dickite and
talc [15]. The stress that arises in conjunction with the
movement of dislocation probably also plays a role in
the nucleation of microcracks. It has been reported
[36] that the diagonal intergrowths of brucite within
amphibole layers are the preferred sites for the forma-
tion of pores and the adsorption of gases. The large
cracks parallel to the stacking layers of the present
phyllosilicates are probably due in part to the decom-
position of interstratified serpentine layers if any,
forming brucite and therefore pores although the loss
of the 0.7 nm fringes could also be due to thickness or
defocalization effects [25]. It is also likely that the
fissures are directly associated with the diffusivity of
interlayer cations in phyllosilicates as previously sug-
gested [28]. The occurrence of the lenticular fissures in
paragonite has been attributed to the loss of sodium
which causes collapse of the paragonite structure to a
pyrophyllite-like structure [28]. According to [28§],
release of the resulting elastic strain associated with
the local collapse may cause mechanical separation of
paragonite layers along (00 1) and the propagation of
the fissures are likely to occur along the interlayers

having weaker bonding than that across tetrahedral
and octahedral layers.

The irregular pores in local areas are probably
formed after the local disturbances by the combined
affects of thermal expansion, capillary and dehydroxyl-
ation. According to Kim et al. [13], the small MgO
particles which have high excess surface energy [37]
and are in contact may aggregate spontaneously at a
certain scale to reduce the excess energy. At the same
time a stress will develop along the reaction interface
to create network-like cracks in brucite.

5. Conclusions

TEM observations revealed the following defect
microstructures and dehydroxylation mechanism of
interstratified phyllosilicates recovered from a local
podiform chromitite deposit in Taiwan.

(1) Phyllosilicates consist of interleaved chlorite-
serpentine layers, dislocation, stacking fault, micro-
cleavage and folding.

(2) Upon irradiation of electrons, the epitaxial
magnesium hydroxide were formed after phyllosilica-
tes and the microcracks were preferentially formed at
interleaved areas, stacking faults and other defects.

(3) Microcracks extended along basal layers and
coalesced to form larger cracks during dehydroxylation.

(4) Phyllosilicates decomposed finally into the peri-
clase particles about several nm in size or probably
other microcrystallites within the residual silica matrix.
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