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Abstract

The orientations of the kamacite lamellae formed from a single prior-taenite grain were measured by analysing the electron backscat-
ter diffraction patterns obtained using scanning electron microscopy. These are shown to be close to the Kurdjumov—Sachs and Nishiy-
ama—Wassermann relations and their intermediate, i.e., the Greninger-Troiano relation. The orientations of the o grains in the plessite
regions were also measured and these were found to be continuously distributed around the Bain circles formed by the variants of the
common correspondence relationships, including the Pitsch one in this case. The local misorientations between individual face- and
body-centred cubic crystals along their common interfaces were measured. These can be characterized by the orientation relationships
mentioned above as long as a certain amount of tolerance is allowed. Orientation variations within individual kamacite lamellae were
also analysed. The crystallographic data support the view that somewhat different mechanisms are involved in the formation of

Widmanstétten structures and of the plessite in meteorites.

© 2005 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Meteorites have long been of interest to mineralogists
and geologists because of their importance in increasing
our understanding of the origin and history of asteroidal
bodies. Many investigations, e.g., Refs. [1-6], have been
carried out to characterize the macro- and microstructures
of iron meteorites and to comprehend the formation of the
Widmanstédtten patterns found within them. Due to certain
similarities between metallic meteorites and engineering
alloys, meteorites are also of interest to metallurgists. His-
torically, even the invention of metallography was moti-
vated by the study of meteorites [7] and the construction
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of the first iron—nickel phase diagram was based on infor-
mation from iron meteorites [8—11]. The cooling rates
deduced from the analysis of Widmanstitten structures
have now become useful tools for determining the thermal
history of asteroidal bodies [8,12-14].

Although there is still some dispute regarding the mech-
anism of formation of the Widmanstitten structures, e.g.,
Refs. [3,8,15,16], these are now generally believed to have
formed as the iron meteorites cooled from an initially
homogeneous y-iron phase into the o+ y phase field at
cooling rates of one to a few hundred degrees per million
years [12,13,16-19]. By contrast, for the formation of ples-
site, a martensitic transformation and decomposition pro-
cess is generally assumed to have occurred [15,16,20,21].
In order to throw light on these mechanisms, the orienta-
tion relationships between the o and y phases produced
during cooling can be examined. Thus, considerable work
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has been focused on the crystallographic features of the
Widmanstétten structures and the plessite found in
meteorites.

An early study by Young [22] on the Carlton meteorite
carried out using X-ray diffraction resulted in the proposal
of an orientation relationship that is actually identical to
the later well-known Kurdjumov-Sachs (K-S) relation.
In their study of the Bethany meteorite using transmission
electron microscopy, Hasan and Axon [23] showed that the
orientation relationship of the primary kamacite with
respect to the taenite is close to the Nishiyama—Wasser-
mann (N-W) relation, whereas for the plessite kamacite
it is close to the K-S relation.

More recently, neutron diffraction methods have been
employed to measure the pole figures of both taenite and
kamacite crystals in the Gibeon meteorite [24] and the ori-
entations between the kamacite lamellae and the taenite
were observed to be close to the N-W relationship. Bunge
et al. [25] measured the orientation distributions of the
Widmanstitten plates in a sample of the Gibeon meteorite
using high-energy synchrotron radiation. Their measure-
ments revealed a continuous range of orientations stretch-
ing out from both sides of the N-W orientation to the two
adjacent K-S orientations. Electron backscatter diffraction
(EBSD) measurements on the Gibeon and other meteorites
[26-28] have also produced similar results.

However, none of these studies has provided informa-
tion about the orientation distribution of individual kama-
cite lamellae within specimens and about how these
orientations vary within a particular o grain. These aspects
are the subjects of the present study. Moreover, local orien-
tation relations along the y/a boundaries were also mea-
sured and compared with the common orientation
relationships. These are intended to assist in interpreting
the mechanisms proposed to explain the formation of Wid-
manstétten patterns and plessite structures in meteorites.
Here, the orientations of both the body-centred cubic
(beec) and face-centred cubic (fcc) phases were measured
simultaneously by means of EBSD techniques and the ori-
entation relationships observed are represented in pole fig-
ure form as well as in Rodrigues—Frank (R-F) space.

2. Method

The material investigated was a piece of an iron meteor-
ite collected from the Gibeon shower. It consists principally
of iron and nickel, together with some trace elements. The
main chemical composition is (wt.%) Ni 7.93, Co 0.41, P
0.04 and balance Fe [3]. The Gibeon is classified as falling
into the fine octahedrite category (Group IVA). The piece
examined here was a slice weighing about 103 g and mea-
suring approximately 60 mm x 60 mm X 5 mm; it was cut
from a larger sample.

Ordinary metallographic methods, i.e., optical micros-
copy, were employed to reveal first the Widmanstétten pat-
tern and then the major phases and microconstituents of
the meteorite. Automated EBSD systems equipped with

TSL and HKL Channel 5 software in field emission gun
scanning electron microscopes were used as the main tools
to measure the orientations of the fcc and bec phases. A
small specimen (25 mm X 15 mm) was sectioned from the
available piece and a smooth surface was produced by
grinding and polishing. Nital (2%) was employed for
revealing the Widmanstétten pattern. For microstructural
characterization, an aqueous solution containing 10%
sodium thiosulphate (Na,S,03) and 3% potassium metab-
isulphite (K,S,0s5) was also utilized to decorate various
phases in different colours. For the EBSD measurements,
after the usual grinding and polishing procedure, the spec-
imen was finally polished using a 0.05 pm colloidal silica
suspension in a vibratory finishing machine or by hand
on a conventional polishing cloth; the duration of such
final polishing was approximately one hour.

The major phases of the Gibeon meteorite are kamacite
(ferritic iron with up to 7.5% nickel), taenite (fcc austenite
with more than 25% nickel) and plessite, a mixture of both
phases. Depending on the nickel content, the lattice param-
eters of the taenite and kamacite vary slightly. The
measured lattice parameters for taenite and pure fcc
iron—nickel alloys are in the range of about 0.351-
0.360 nm and those for kamacite and bec iron—nickel fall
between 0.286 and 0.289 nm [22,29,30].

EBSD maps were collected using typical settings for
steels, e.g., 20 kV, 70° tilt. The measured orientations were
represented in the format of Euler angles with respect to
the sample reference frame. For metal processing, this is
usually directly related to the reference directions of mate-
rials processing. However, in the case of meteorites, there
are no meaningful reference directions. The orientations
of both the fcc and bcc phases were measured simulta-
neously in each EBSD scan. Other phases (e.g., martens-
ite), inclusions, small particles and grain boundaries
could not be identified and remained unresolved on the
EBSD maps. The angular accuracy of the EBSD system
is about 1° using the operational parameters for meteorites
and steels. The orientations measured within a ferrite grain
transformed from deformed austenite in a transformation-
induced plasticity steel indicate a spread of less than 1° [31].

3. Results
3.1. The Widmanstdtten pattern and microstructures

An example of the Widmanstétten pattern revealed by
optical microscopy is illustrated in Fig. 1(a). It is evident
that the kamacite lamellae cross each other at various
angles and enclose areas of grey or dark plessite of different
sizes between them. The detailed microstructures can be
seen more clearly in Fig. 1(b) and (c); here tint etching
was carried out using the solution mentioned above. The
three major phases, namely kamacite, taenite and plessite,
can be readily distinguished. The kamacite lamellae, which
are about 0.3 &£ 0.05 mm in thickness, are in colour and are
sheathed by thin white films of taenite. Within the kamacite
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Fig. 1. Optical micrographs of the Gibeon meteorite: (a) Widmanstitten
structure revealed by etching with 2.0% nital; (b) a region containing the
four common microstructural features: kamacite (K), taenite (T), plessite
(P) and Neumann bands (N); (c) enlarged view of a taenite film between
kamacite lamellae.

lamellae, numerous Neumann bands (mechanical twins)
can be seen. These are believed to have formed as a result
of extraterrestrial collisions, not by impact with the earth
[3,6]. An example of Neumann bands crossing a kamacite
lamella is displayed in Fig. 1(b). An enlarged view of the
taenite film between two kamacite lamellae is shown in
Fig. 1(c), where the thickness of the taenite film is about
10 pm.

Plessite fields are usually outlined by a number of fac-
eted sides and display different microstructures. As illus-
trated in Fig. 2, three different types of plessite region
can be distinguished. The first type (1) is net plessite
(Fig. 2(b)), which consists mainly of equiaxed kamacite
grains with many boundaries and sub-boundaries. Taenite
appears as small islands (usually 1-10 pm in size) at grain
boundaries or within the kamacite grains. The second
type (2) is cellular plessite (Fig. 2(c)), which is composed
of kamacite aggregates (cells) framed by taenite. Within
each kamacite aggregate, there are numerous tiny taenite
particles. The third type (3) is finger plessite, which
appears black and unresolvable at low microscope magni-
fication. However, under higher magnification, it is appar-
ent that this structure contains elongated o crystals that
follow the Widmanstitten directions (bright laths in
Fig. 2(d)).

3.2. Orientation relations between the kamacite lamellae and
the retained taenite

The prior-taenite grain size of the Gibeon meteorite is
very large, typically 10-50 cm [3], with the kamacite lamel-
lae being about 0.3 mm wide. In the piece of the Gibeon
meteorite investigated, no prior-taenite grain boundary
was observed. Thus all the kamacite lamellae originated
from the same prior-taenite grain. Since the widths of the
kamacite lamellae were of the order of hundreds of
micrometers, the step size of the EBSD scans was selected
to be as large as 50 um. In this way, more kamacite lamel-
lae could be covered in each scan. A total of 8 orientation
maps was obtained, which covered an area of about
170 mm?. The measured orientation maps are illustrated
in Fig. 3 in inverse pole figure form.

Once the orientations of both the kamacite and taenite
phases were measured, it was possible to investigate the ori-
entation relationships directly by plotting them in an
appropriate orientation space. In order to reduce the level
of uncertainty caused by the large step size, only orienta-
tions with confidence index values greater than or equal
to 0.4 were used. In this case, 57 taenite (austenite) points
were collected and their orientations are shown in
Fig. 4(a). It is evident that the taenite fragments share an
almost identical orientation, with an average spread of
4°, Their mean orientation is (¢; = 100.7°, & =51.4°,
@2 = 30.9°), as described by the three Euler angles. The ori-
entations of the kamacite lamellac are illustrated in
Fig. 4(b), where it is evident that these cluster around the
three reflections of the taenite orientation.
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Fig. 2. Optical micrographs of various plessite morphologies: (a) region showing three types of plessite field; (b) net plessite; (c) cellular plessite; (d) finger

plessite (etched with 2% nital).

500.0 um = 10 steps 500.0 um = 10 steps 500.0 um = 10 steps 500.0 um = 10 steps 500.0 um = 10 steps 500.0 um = 10 steps 500.0 um = 10 steps 500.0 um = 5 steps

Fig. 3. Inverse pole figure maps of the 8 scans. The total scanned area is about 170 mm?.

Fig. 4(c) illustrates the kamacite orientations plotted on
a pole figure referred to the y coordinate system. Also dis-
played are the Bain, K-S, N-W and Pitsch variants pre-
dicted from the mean orientation of the taenite. It is
apparent that most of the kamacite orientations cluster
around the N-W positions and extend continuously

towards the neighbouring K-S variants. It has already been
demonstrated elsewhere [32-34] that a Greninger—Troiano
(G-T) [35] variant is present approximately midway
between each pair of adjacent N-W and K-S variants.
Thus it is clear that the orientation relationship between
the kamacite lamellae and the taenite is not unique, but
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Fig. 4. Orientations of the taenite and kamacite phases: {001} pole
figures of (a) the taenite and (b) the kamacite (here the orientations are
referred to the data acquisition coordinate system). (c) Kamacite
orientations plotted on a pole figure referred to the mean taenite

coordinate system, together with the Bain, K-S, N-W and Pitsch variants
predicted from the mean orientation of the taenite.

covers a continuous distribution from the N-W, through
the intermediate G-T, to the K-S. Although some orienta-
tions are found to be located near the Pitsch [36] reflec-

tions, their intensities are relatively small. The Bain
variants, which are located at the centres of the circles,
are not observed. It is also evident that almost all the K—
S and N-W variants are present, which indicates that no
variant selection occurred.

It is of interest that, even when the cooling rate is very
high, as in welding simulations, an absence of variant selec-
tion has been reported [37,38]. Thus, cooling rate does not
seem to influence the amount of variant selection when the
transformation is intragranular (leading to the formation
of bainite or acicular ferrite in the case of plate steels).

These relationships can be seen more clearly in R—-F
space, as shown in Fig. 5, where the measured kamacite
orientations are plotted by taking one of the Bain variants
as the reference frame. These are compared against the pre-
dictions obtained from the six common correspondence
relationships, namely the Bain, K-S, N-W, G-T, Pitsch
and G-T'. It should be noted that the G-T' (inverse
G-T) relation is an extension of the G-T relation and is
located between the K-S and Pitsch orientations. A
detailed description of this new relation can be found in
Refs. [32,33]. From Fig. 5, it is again evident that the mea-
sured kamacite orientations are spread almost uniformly
from the N-W, through the G-T, to the K-S positions,
while they are relatively sparse in the neighbourhood of
the Pitsch and G-T’ positions.

3.3. Correspondence relationships at the kamaciteltaenite
boundaries

It has already been established that the relationship
between the mean taenite and kamacite lamellae orientations
does not exactly follow the K-S, N-W or G-T relations, but
that considerable scatter around all these reflections is
observed. Since the taenite orientations have an average
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=
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Fig. 5. The kamacite orientations plotted using one of the Bain variants as
the reference frame and projected onto the base of the “Bain variant” R-F
cube.
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Fig. 6. EBSD maps obtained using a step size of 0.8 um: (a) orientation

map; (b) phase map.

orientations of the two phases; (b) K-S; (¢) N-W and Pitsch; (d) G-T and
G-T’; (e) all five boundaries shown highlighted. Here a 2.5° tolerance is
employed for all the correspondence relations.
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In order to inspect the orientation relationships between
the y and o phases along their common interfaces, a por-
tion of these boundaries (identified by the rectangle in
Fig. 6(a)) is highlighted in Fig. 7(a). The misorientations
between these two phases along the boundaries are com-
pared to the five main orientation relationships (except
for the Bain relation) in Fig. 7(b)—(e). It should be men-
tioned that the misorientations were calculated based on
the orientations collected from the fcc and bec points (pix-
els) that are immediately next to each other in the orienta-
tion map. These were then compared to the predicted
orientations according to the common correspondence
models. Although orientation differences exist (usually
~2°) at points away from the interface, the orientation gra-
dients were not observed to be functions of distance from
the boundary. Such differences are within the angular accu-
racy of the EBSD system and thus do not affect the orien-
tation relationships discussed above.

These results make it clear that each of the five relations
is obeyed along different portions of the interface as long as
a certain amount of tolerance (2.5° in this case) is allowed.
It should be noted that a significant proportion of each
boundary does not obey any of the relations. This means
that the exact orientation relationships prescribed by these
models are not followed at all points of the y/a interface.
Indeed, deviations are found from the ideal misorientations
in portions of all the boundaries. Since the N-W and Pitsch
relations involve the same rotation angle and rotation axis
components (but permuted in a different order [28]), they
could not be distinguished using the EBSD software. Sim-
ilar remarks apply to the G-T and G-T’ relations [32].

3.4. Orientation variations in the kamacite lamellae

One of the most attractive features of the EBSD tech-
nique is that both microstructural and crystallographic
information regarding the specimen can be obtained simul-
taneously. This makes possible the investigation of the
crystallographic features of specific microstructures. In
the case of the iron meteorite, it is of particular interest
to examine the orientation variations within individual
kamacite lamellae that usually extend along millimeters
or even centimeters.

Examples of the orientation variations within individual
o grains are illustrated in Fig. 8. It is apparent from the
misorientation profiles (Fig. 8(b) and (c)) that the orienta-
tion within a particular kamacite lamella can vary by up to
about 10°, with numerous Neumann bands (twins, of 60°
misorientation) in one of the profiles. Since the orientation
change within a single kamacite lamella approaches the
misorientation angle between neighbouring K-S variants
(10.53°), it is of interest to compare these variations to
the predictions of the various models.

The orientation spread of kamacite lamella 1 in Fig. §(a) is
shown in pole figure form in Fig. §(d). It is evident from the
enlarged view (Fig. 8(e)) of Fig. §(d) that, within one lamella,
the local orientations include the two coplanar K-S variants

(i.e., cl and —cII, which have the same plane parallelism con-
dition [28]), together with the intermediate N-W and G-T
variants. In martensite, such low-misorientation variants
have been identified by Morito et al. [39] as belonging to a
single lath with a well-defined {111} habit plane. A single
twin-related orientation can also be seen (near —cl, which is
the twin-related variant of clI). The orientation profiles col-
lected from other lamellae have similar features.

It can thus be concluded that, within each kamacite
lamella, the orientation is not unique, but a spread of up
to about 10° can be observed; these typically extend
between the reflections of two coplanar K-S variants and
thus cover their intermediates. Also apparent are the
numerous twins within each lamella.

3.5. Crystallographic features of the plessite regions

It has been pointed out that three types of plessite were
found in the sample of the Gibeon meteorite investigated.
The microstructural and stereological aspects of the plessite
fields in this meteorite have previously been studied by
Ryder and Howell [20]. However, their crystallographic
features, i.e., the orientation relationship between the tae-
nite and kamacite in this two-phase mixture, have not been
studied intensively. Nevertheless, an investigation by
Hasan and Axon [23] using transmission electron micros-
copy indicated that there was a near K-S relationship
between the two phases.

Here, a typical finger plessite field was investigated by
means of EBSD. In order to reveal the fine structure of
the region, an even smaller step size (0.2 pm) was employed
to scan the 325x 224 uym area shown in Fig. 9(a). The
EBSD maps obtained are displayed in Fig. 9(b)—(d).

The image quality map of Fig. 9(b) reveals the microstruc-
ture of the finger plessite. Starting from the kamacite lamella
inward, there appears a layer of taenite, followed by a mar-
tensite zone (dark). In the interior, there are mostly lath-like
o grains. The morphologies and orientations of these two
phases can be seen more clearly in the o and y orientation
maps of Fig. 9(c) and (d), respectively. Examination of the
orientations of the lath-like kamacite grains in the interior
of Fig. 9(c) indicates that many of these laths share the orien-
tations of the two adjoining kamacite lamellae (coloured
purple in this figure). From the orientation map of the
retained taenite, it is apparent that, in the interior, most of
the taenite is retained in the form of small particles at the
kamacite grain boundaries, but the outline of the plessite
region is composed of a continuous taenite film. It is also
clear that there is a thin, continuous layer of taenite between
the martensite zone and the interior.

The orientations of the taenite in the outer rim and in the
interior of the plessite region are represented in Fig. 10(a) and
(b), respectively. Itis apparent that the retained taenite shares
an essentially unique orientation (with more scatter in the
interior), whether from the outer rim or from the interior.

The orientations of the kamacite in the plessite field are
represented in pole figure form in Fig. 10(c). Here, the
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Fig. 8. Orientation variations within kamacite lamellae: (a) inverse pole figure map showing the kamacite orientations; (b) misorientation profile within
lamella 1 in (a); (c) misorientation profile within lamella 2 in (a); (d) orientations of lamella 1 displayed in pole figure form; (e) magnified view of one of the
Bain clusters in (d) showing the locations of the K-S, N-W, G-T, Pitsch and G-T’ variants.

reference frame is taken as the mean orientation of the tae-
nite retained within the plessite region; the predictions of
the Bain, K-S, N-W, Pitsch, G-T and G-T' relations are
also illustrated. It is again evident that the measured kama-
cite orientations are distributed fairly even around the
three Bain circles formed by the variants of the five orien-
tation relationships. In this case, however, the three circles
are almost continuously covered by the observations. The
reflections that are not observed can be attributed to an
incomplete scan of the plessite region shown in Fig. 9(a).
Thus the orientation relationship between taenite and
kamacite in the plessite region can also be described by

the five correspondence relations, although more scatter
is observed in this case. It should also be noted that, as
in the case of the Widmanstitten structure, no variant
selection has occurred in the plessite region.

4. Discussion
4.1. Distribution of the common orientation relationships
Geometrically, the relationships between the phases in

the common correspondence models, e.g., the Bain, K-S,
N-W and Pitsch, are solely determined by the symmetries
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Fig. 9. (a) Scanning electron micrograph showing the scanned plessite region; (b) image quality map; (c) orientations of the o phase; (d) orientations of the

v phase.

of the two lattices involved [34]. For example, the rotation
angle of 5.26° (about the normal to the close-packed
planes) that brings the N-W into coincidence with the
K-S relationship is independent of the relative lattice
parameters of the two structures. According to the phe-
nomenological theory of phase transformation, e.g., Refs.
[40,41], the orientation relationship is mainly dictated by
the Bain strain, which is in turn closely related to the lattice
parameters of the two phases. Indeed, in the framework of
this theory, the orientation relationship is determined by
the rotation required to transform the Bain strain into an
invariant line strain. As discussed in more detail by Dah-
men [34], for phase transformations involving lattice
parameter ratios between 1.21 and 1.36, the rotations asso-
ciated with various orientation relationships are not
expected to differ much. Examination of the taenite and
kamacite lattice parameters shows that the @genite/@xamacite
ratio falls in the range 1.22 to 1.26, depending on the Ni
content of the y phase. (During cooling, the y phase is pro-
gressively enriched in Ni due to Ni rejection by the increas-
ing volume fraction of the o phase). Thus, the experimental
spread in lattice parameter ratios associated with the differ-
ent Ni contents is not expected to affect the orientation

relationship predicted by the phenomenological theory to
a measurable degree.

In the present work, the observed orientation relation-
ships between the taenite and kamacite phases were found
to extend from one K-S to its coplanar neighbour, passing
through the intermediate N-W variant. This is in contra-
diction to the predictions of the phenomenological theory,
which call for K-S at an acceptable parameter ratio of
1.23, but require an out-of-range 1.155 for N-W. As dis-
cussed in more detail below, a possible explanation for this
discrepancy is that the formation of Widmanstétten ferrite
involves a reconstructive mechanism, in which all types of
diffusion can take place. Under these conditions, the trans-
formation is governed by the minimization of the interfa-
cial energy, a condition that involves plane-to-plane
correspondence. Furthermore, as illustrated in Fig. 7, the
orientation relationship varies along the interface of a sin-
gle kamacite lamella. Such a spread has already been
reported by Bunge et al. [25]. In their work, it was pro-
posed that the plane matching condition corresponds to
an energetic minimum, whereas the direction parallelism
condition does not lead to energy changes over the range
(K=S)~(N-W)—-(K-S) (i.e., over 10.53°).
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[112],

Fig. 10. {001} pole figures of the retained taenite and kamacite in the
plessite region: (a) taenite from the outer rim; (b) taenite from the interior
of the plessite field; (c) kamacite pole figure referred to the mean
orientation in (b), together with the predictions.

In contrast, the orientations detected in the plessite
regions are evenly distributed around complete Bain cir-
cles. The Pitsch relation, originally observed in the precip-

itation of cementite from austenite [42], was found to be
obeyed in addition to those of K-S and N-W. This orien-
tation relationship can be described as {001},[{101},
and (110),[(111), and is characterized by the parallelism
of close-packed directions. Evidence for the presence of
this orientation relationship in the macroscopic measure-
ments of Bunge et al. [25] has also been reported but
no explanation was provided. It has been demonstrated
by Dahmen [34] as well as by Zhang and Kelly [43] that,
during precipitation, the directional matching criterion is
more important than the planar one. This is the case
for the Pitsch and G-T’ relationships, both of which are
associated with the parallelism of close-packed directions.
It is therefore of interest to raise the question of whether
the crystallographic data gathered in the (taenite + kama-
cite) region on the one hand and the plessite regions on
the other can improve our understanding of the transfor-
mation mechanisms that govern the formation of these
microstructures.

4.2. Formation mechanisms of the Widmanstdtten pattern
and plessite

Over the two centuries since the discovery of the Wid-
manstdtten structure in 1808, many mechanisms have been
proposed to explain this unique pattern. In the early days,
it was believed to form directly by crystallization from a
very slowly cooling melt. Nowadays, the controversy is
essentially focused on whether it results from the equilib-
rium transition of y to o + vy [3,15] or is a consequence of
a martensitic transformation (y — o, + v) followed by a
decomposition process [16].

As described above, the orientation relationships
between the taenite and kamacite are close to K-S and
N-W together with all the intermediate points. These are
consistent with both the y —a+vy and y o, +y —
o+ v mechanisms. The spread of orientation relation-
ships can be taken to support the view that the transforma-
tion is diffusionless (i.e., martensitic). Alternatively, the
same orientation relationships (K-S and N-W) are
observed in steels [44] and in o/p brasses [45], where the
transformation is diffusional and Widmanstidtten. How-
ever, if the Widmanstétten pattern is considered to result
from the transformation of martensite, it should be possi-
ble to produce this structure in the laboratory. As such
observations have never been reported, it seems more rea-
sonable to conclude that this unique pattern forms under
diffusional conditions.

The formation of the plessite regions trapped between
the Widmanstitten lamellae has also been the subject of
many investigations, e.g., Refs. [15,17,18,20,21,46]. In this
case, most of the mechanisms proposed involve the forma-
tion of martensite and the subsequent decomposition of
this metastable phase during cooling or reheating (rewarm-
ing). The only points at issue concern whether the forma-
tion of plessite is completely associated with the
martensite transformation or is only partially related.
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It can be seen in Fig. 9(b) that a dark band is present on
both sides of the plessite region. Examination of these
bands under high magnification reveals that they actually
consist of fine grains of o, y and o, (martensite), where
the orientations of the o phase obey the K-S and N-W
relationships with respect to the y phase. The bands border
the high-Ni taenite layers and have relatively high Ni con-
tents. As can be seen from the Fe—Ni phase diagram pre-
sented by Reuter et al. [10], a higher Ni content
corresponds to a lower martensite start temperature M,.
Therefore, the martensite reaction in these bands takes
place at temperatures where the Ni diffusion rate is low.
As a result, the decomposition of o, to equilibrium o + vy
is incomplete and much of the martensite is retained.

In contrast, in the centre of the plessite region, the Ni
concentration is much lower than in the region that borders
the taenite rim (although is still higher than in the bulk
prior to transformation). Because the Ni content is higher
than in the initial material, this portion of the taenite starts
to precipitate o at a temperature lower than that of Wid-
manstétten precipitation. Thus the o laths that form in
the central portion of the retained taenite are finer than
the Widmanstitten lamellae. Some of these o precipitates
share the orientations of the Widmanstitten plates, while
others form according to the Pitsch and G-T' relations.
Some taenite is also retained, mostly at the boundaries of
the o laths.

As described above, the Pitsch and G-T' orientation
relationships (usually observed in precipitates) have been
shown to be evenly distributed around the Bain circles in
the plessite region. Thus the view that the central plessite
regions form by a precipitation process is supported by
the crystallographic data obtained in this study.

5. Summary and conclusions

The crystallographic features of the Gibeon meteorite
were studied by means of EBSD techniques. The orienta-
tions of the bce phase within the Widmanstitten lamellae
and in the plessite regions were measured and compared
to the variants predicted by the Bain, K-S, N-W, Pitsch,
G-T and G-T’ orientation relationships. The results
obtained can be summarized as follows:

1. The Widmanstitten lamellae obey orientation relation-
ships with respect to the original austenite that are close
to both the K-S and N-W relations, as well to the inter-
mediate G-T relation. Few reflections are found near
the Pitsch and inverse G-T relations. Almost all the
expected variants were identified and essentially no var-
iant selection was observed.

2. The observations regarding the transformation of y into
o in the plessite region indicate that both the K-S and
N-W relationships are obeyed, together with that called
for by the intermediate G-T relation. However, in this
case, the Pitsch and inverse G-T reflections are also
present with almost equal intensities.

3. The misorientations between individual fcc and bec
crystals along their mutual interfaces indicate that all
five relations are obeyed along different portions of
the interface (as long as a certain amount of tolerance
is allowed). A significant proportion of each boundary
does not obey any of the relations. This means that
the exact orientation relationships described by these
models are not followed at all points of the y/a
interface.

4. The Bain relationship is never observed in the Wid-
manstitten structure or in the plessite regions.

5. Orientation deviations of about 10° were found within
individual kamacite lamellae; these indicate the presence
of a low-misorientation coplanar variant within these
lamellae.
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