The Pennsylvania State University
The Graduate School
College of Earth and Mineral Sciences

THE NATURE OF FERRITE IN IRON-NICKEL METEORITES

A Thesis in
Materials Science and Engineering
by
Prateek Dasgupta

Submitted in Partial Fulfillment
of the Requirements
for the Degree of

Master of Science

December 2011

ii
The thesis of Prateek Dasgupta was reviewed and approved * by the following:

Paul R.Howell
Professor of Metallurgy
Thesis Adviser

James H.Adair
Professor of Materials Science and Engineering.

Digby D.Macdonald
Distinguished Professor of
Materials Science and Engineering.

Joan M. Redwing
Professor of Materials Science and Engineering
Chair, Intercollege Graduate Degree Program in Materials Science and Engineering

*Signatures are on file in the Graduate School

iii

ABSTRACT

-

- °C per million years). This

presents an interesting case study for a metallurgist since no terrestrial alloy can replicate this
cooling rate. In this thesis, for the first time a definite link between iron-nickel meteorites and
their terrestrial counterparts, steels have been forged in terms of crystallography , morphology
and nucleation of ferrite found in both. Various microstructural features found in the Cape York
meteorite are discussed, concentrating on the various forms of ferrite.
Three dimensional reconstructions of ferrite have permitted us to make important conclusions
on its morphology and crystallography, which forms the backbone of this thesis. Various forms
of ferrite observed in iron-nickel meteorites are distinguished on the basis of their hardness
values.
Finally, the nucleation of various forms of ferrite in the Cape York and Odessa meteorites, with
particular importance to the role of ceramic inclusions found in both; is investigated. While
investigating the role of inclusions in the nucleation of ferrite, a link between steels and
meteorites is once again forged as we try to ascertain the similarities in the ferrite found in
each. Energy dispersive spectroscopy was used to investigate the inclusion chemistry in order
to evaluate their role in the nucleation of ferrite. Finally, a model for the formation of
Widmanstatten ferrite is presented.
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CHAPTER 1: INTRODUCTION

1.1 PURPOSE OF STUDY
The primary objectives of this thesis are to study the morphology, crystallography and the
nucleation of Widmanstatten ferrite observed in iron-nickel meteorites. Iron- nickel meteorites
which have fallen on earth are considered to be cores of planets which formed billions of years
ago. The study of iron-nickel meteorites can present an interesting challenge to a metallurgist
since the cooling rates are very low (about 1 °C / million years) when compared to steels. Such
low cooling rates have resulted in an alloy which has undergone near-equilibrium phase
transformations.
In this thesis the three dimensional structure of the Cape York meteorite is characterized ; in
order to achieve this one needs to design an optimal sectioning procedure suitable for ironnickel meteorites, which is discussed in detail in Chapter 2 of the thesis. Microhardness testing
was carried out to characterize the difference between the various ferrite transformation
products observed in the Cape York meteorite.
Additionally, an important area of focus in this thesis is to examine the role of inclusions in the
nucleation of ferrite. It is worthwhile to investigate and review critically the work of various
researchers during the 20 th century and over the last few decades regarding the role of
inclusions in nucleation of ferrite in both steels and meteorites. Accordingly a suitable
hypothesis can be proposed on the role of inclusions in nucleating ferrite observed in the Cape
York and Odessa meteorites.
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For the first time, a definite link between meteorites and their terrestrial counterparts, steels is
forged, both in terms of the morphology and crystallography of the intragranular
Widmanstatten ferrite and its mechanisms of nucleation.
1.2 OUTLINE OF THE THESIS
This thesis will present an extensive literature review of various experimental techniques
employed for three dimensional characterizations in Chapter 2. Commonly employed
techniques for sectioning such as automated polishing, focused ion beam, atom probe
tomography, microtoming with their merits and demerits will be discussed. Additionally
literature on the latest developments in three dimensional characterization using
nondestructive techniques such as three dimensional X-ray diffraction and X-ray
microtomography will be discussed. Following this the serial sectioning procedure designed for
sectioning iron-nickel meteorites will be presented taking into account the various limitations
of the different three dimensional characterization techniques that have been discussed .
One of the key areas of investigation in Chapter 3 of this thesis is the nature of Widmanstatten
ferrite observed in the Cape York meteorite. A critical literature review of the crystallography
and morphology of intragranular Widmanstatten ferrite observed in both steels and iron-nickel
meteorites will be presented; the nucleation process of intragranular ferrite will be discussed in
chapter 4. Following the literature review, analysis of the data mined during the sectioning
process will be presented. These data will enable us to draw conclusions on the nature of
secondary Widmanstatten ferrite and by extension, primary Widmanstatten ferrite observed in
the Cape York meteorite.
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Additionally microhardness test results and associated data analysis on the various structures
observed in the Cape York meteorite will be furnished in Chapter 3.
Another important area of study is to examine the role of inclusions in the nucleation of
intragranular ferrite. A critical literature review on the nucleation of intragranular ferrite in
steels will be presented in Chapter 4, based on observations primarily over the past decade.
Suitable comparisons have been made with iron –nickel meteorites based on published
literature. A hypothesis will be furnished based on the observations made in the Cape York and
the Odessa meteorites.
In Chapter 5 we present conclusions and suggestions for future work. However both Chapters 3
4

“C

D

” S

3.7

4.6

)

major findings of this thesis research; these concluding discussions maybe read in place of
much of Chapter 5.
Prior to that it is essential to introduce the material which was investigated in this thesis, ironnickel meteorites. A brief history of meteoritic formation and an introduction to the
microstructural features of iron-nickel (Fe-Ni) meteorites will be presented in the following subsections.
1.3 METEORITIC HISTORY
The materials of interest in this thesis are iron-nickel meteorites. Meteorites are fragments of
’
collide with its surface. The solar system consists of cosmic bodies of various sizes such as the
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sun, planets, asteroids, comets etc. Asteroids can be defined as large asymmetrical, mineral
masses found between the planets Jupiter and Mars in what is termed as the asteroid belt [1].
Asteroids revolve around the sun in orbits like other planets; however the large gravitational
field from Jupiter or collisions with other asteroids can eject an asteroid from its normal path
[2]. When some asteroids head towards the earth and enter its atmosphere, they form meteors
also known as shooting stars. Meteors which survive contact with
’

’

[ ].

Meteorites are traditionally classified into four major groups: chondrites, achondrites (stony
meteorites) iron meteorites and stony iron meteorites [3]. A more detailed discussion is
deferred to section 1.3.2
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1.3.1 Meteorite formation

Fig 1.1 Origin of meteorites, showing various stages of formation of chondrites (b-d), achondrites (f, area labeled
as Olivine and Basalt)) and iron-meteorites (f, area labeled as core) [4].

In the earlier days of the solar system the proto-sun was rotating at a much faster speed than it
rotates today resulting in violent solar winds and intense magnetic fields [4]. The fast rotation
of the proto-sun flattened the magnetic field of the solar nebula creating a solar disc which
brought the particles of the solar nebula close together as shown in Figure 1.1.a. The dust
particles clumped together due to magnetic attraction. These growing clumped masses of dust
particles were heated by the sun beyond their melting point. This resulted in the ejection of
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gases and created liquefied siliceous matter referred to as chondrules [4]. The gases which
were ejected during the heating process eventually re-condensed into fine grained perfectly
spherical minerals. These aggregated with the already formed chondrules to form
planetesimals of chondritic composition as shown in Fig 1.1.b Meteorites which represent these
undifferentiated planetesimals are known as chondrites which will be discussed in section 1.3.2.
Planetesimals serve as a precursor to the formation of a primitive asteroid as shown in Fig
1.1.d. As planetesimals grew, thermal metamorphism became evident. The source of the heat
required for the thermal metamorphism has been debated. It is clear that solar radiation played
a part. However it cannot be the sole source of heat as it does not explain the fact that large
bodies which are far away from the sun also show thermal metamorphosis. There have been
many hypotheses proposed to explain this observation ranging from solar wind induced electric
current to heat generated by collisions. It is quite possible that solar winds diminished to
current levels when the planetary bodies were undergoing thermal metamorphosis, hence they
could not have acted as a major source of heat which would be necessary for thermal
metamorphism. Collisions do not generate sufficient heat necessary for thermal
metamorphism. Hence the most commonly accepted theory is radioactive isotope decay,
particularly Al26 ->Mg26 [5]. This radioactive decay of Al 26 raised the temperature of the core of
the parent body resulting in thermal metamorphism. The radioisotope Al 26 is supplied by
distant supernovas and was likely to be present during the time the asteroids were forming i.e.
at the beginning of the solar system [5]. The cores of the planetary body show the maximum
amount of metamorphosis and the process progressively decreases as we reach near the
surface.
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In large asteroids both solar heating and radioactive decay is responsible for partially melting
the planetesimal. As a result of gravitational forces the heavier elements of the melt move
towards the center (as indicated in Fig 1.1.e) resulting in the process of differentiation [5].
Typically, heavier elements like Fe and Ni form the core and lighter elements like silicon form
the mantle and the crust. Upon impact with other cosmic bodies, these differentiated bodies
.W

’

atmosphere they form meteors or shooting stars. A brief description of various types of
meteorites is presented in section 1.3.2.
1.3.2 Meteorite Classification
As mentioned earlier in Section 1.3, meteorites are broadly classified as chondrites, achondrites
(stony meteorites), iron and stony-irons.
Chondrites are the most commonly found meteorites. Chondrites contain chondrules which
are spherical millimeter sized silicates containing around 19-35% iron [3]. The formation of
chondrules in the solar system has been described in Section 1.31. Chondrites are classified as
C1, C2, C3, with each class representing the formation of the chondrite being progressively
closer to the sun [4]. The closer a chondrite is formed to the sun, the more intense solar heating
it would have undergone, hence indicating a greater amount of thermal metamorphism.
Oxidation can also be used as a criterion to determine the distance from the sun. Chondrites
with large amounts of un-oxidized iron indicate that they have been formed closer to the sun in
an oxygen free environment.
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Achondrites or stony meteorites are characterized by the absence of chondrules. They consist
of the mantle of differentiated bodies. The concentration of nickel-iron is lower (around 14%)
when compared to chondrites [3]. They are rarer on earth when compared to chondrites due to
z

’

metallic meteors.
Iron meteorites represent the cores of differentiated planetary bodies. They are subdivided
according to their primary structures, the size of the Widmanstatten ferrite as octahedrites,
hexahedrites, ataxites and anomalous.
Octahedrites contain an octahedral arrangement of ferrite in the parent austenite. This ferrite
structure is termed as the Widmanstatten structure after it was first observed by Count Von
Widmanstatten an Austrian mineralogist [3]. Depending upon the width of the ferrite plates,
also termed as the bandwidth, they can further be classified into: 1. Coarsest (>3.3 mm)
2. Coarse (1.3-3.3 mm) 3. Medium (0.5-1.3 mm) 4. Fine (0.2-0.5 mm) and 5. Finest (<0.2mm)
[3].
Hexahedrites display large single crystals of ferrite (>50 mm) with very few grain boundaries.
They appear as having no definite structure to the naked eye. Even though the Widmanstatten
pattern exists it is on a scale much larger than the specimen. The nickel concentration in
hexahedrites is very low (5.35-5.75 wt. %) [3].
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A

“

”

hand lens or by the naked eye. Nickel concentrations are relatively high in ataxites when
compared to octahedrites or hexahedrites (16-18 wt. %) [3].
M

’

. The

majority of anomalous meteorites show a combination of at least two of the above
classifications [3].
Stony irons are meteorites which represent either the boundary of the core and the mantle or a
region where an iron meteorite impacted the crust of another asteroid resulting in the
development of both iron and stony characteristics. The former type of stony-irons is known as
pallasites and the later type are known as mesosiderites. Pallasites are characterized by large
centimeter sized olivine crystals. Olivine is a magnesium iron silicate commonly found in
meteorites. Mesosiderites have equal amounts of iron-nickel and silicates [3].
From the point of view of a metallurgist stony, stony-iron and iron meteorites present
interesting cases for study. In this thesis the Cape York meteorite is studied which is an
octahedrite (sub category of Iron Meteorites). A brief description of meteoritic microstructures
is presented in the following section.
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1.4 REVIEW OF METEORITIC MICROSTRUCTURES
1.4.1 Introduction
In this section a brief review of meteoritic microstructures, some of which are analyzed in this
thesis, is presented. In order to highlight the main microstructural features present in a
meteorite a montage, Fig 1.2 of the Cape-York meteorite is shown.
It should be noted that meteorite samples are named according to the place where they have
impacted earth. The Cape-York meteorite is so named because it impacted the earth in CapeYork, in the Melville Bay region of Northwest Greenland [6].
There are six microconstituents of iron-nickel meteorites
1. Widmanstatten ferrite.
2. Swathing ferrite
3. Retained Austenite Rim
4. Plessite
5. Neumann Bands
6. Inclusions.
In this thesis the primary focus will be on Widmanstatten ferrite and the role of inclusions in
the nucleation of ferrite. However in this section all the microstructural features are defined
and briefly discussed.
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N
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E

Fig 1.2: Montage of the Cape York meteorite [13]. “A-E”

z
3
.R
“ ” the linear features, are Neumann bands defined in section 1.4.3.
Plate like ferrite of millimeter order running across the entire montage, marked as PWF are primary
Widmanstatten ferrite plates. A large single thread like structure running across the montage from the top left
towards the center, marked as “I” is an inclusion. Inclusions are defined in section 1.4.3. Boxed region indicated by
SF, represents swathing ferrite defined in section 1.4.2. An enlarged image of the boxed region is presented in Fig
1.7
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1.4.2 Formation of Widmanstatten Ferrite, Retained Austenite and Plessite pools
The Widmanstatten pattern was first observed by William Thompson who described it as an
octahedral crystalline structure observed in the iron revealed due to etching in acid [7].
However Thompson was not credited for his work and as the name reveals, the structure was
attributed to Alois von Widmanstatten, the curator of Royal Mineral Collection, Vienna. The
later observed the Widmanstatten pattern in the Zagreb meteorite in 1808 [7]. Widmanstatten
ferrite adopts a plate-like morphology and develops on the octahedral {111} austenite planes.

Fig 1.3: The first known reproduction of the Widmanstatten structure. The original was created by
Widmanstatten in 1813 and was a typographical imprint from the etched surface of the Elbogen Iron (fig from ref
[7])

Fig 1.3 represents one of the earliest images of the Widmanstatten ferrite, which was formed
’

E

.

The observation of the Widmanstatten pattern encouraged the scientific community to study
the Fe-Ni system and processes which contribute to the formation of the Widmanstatten
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ferrite. During the cooling of the parent body, as the temperature drops from the stable
austenite region to the two phase mixture of austenite and ferrite (e.g.; see the Fe-Ni phase
diagram, Fig 1.4), ferrite crystals start nucleating and growing with a nickel concentration which
corresponds to the solubility limit of the ferrite. The nickel rejected from the growing ferrite
diffuses into the retained austenite regions resulting in formation of plessite pools with an
“

z

”

F

.5[8].

The mechanism of Widmanstatten ferrite nucleation has been one of considerable debate and
is one of the foci of this thesis. Narayan and Goldstein [9] showed some rather convincing
images of ferrite which had formed on phosphide particles, albeit in a terrestrial Fe-Ni-P alloy.
More recently, Yang and Goldstein [10] claimed that it was not possible to form Widmanstatten
γ+α+
had dropped below the Ms

.

“

)

”

γ+α+

M s line (Fig 1.4),Yang and Goldstein[10]

suggest that the nucleation of the Widmanstatten ferrite occurs by (presumably) diffusional
.C

”

”

Ms is crossed whilst the meteorite

γ+α region ,Yang and Goldstein[10] claimed that the nucleation of
W

α

. .

). Y

G

[ 0]

state that in high-P steels, the Widmanstatten ferrite is formed on the phosphide inclusions.
However, it is difficult to imagine another possible mode of nucleation. Further discussion on
the nucleation of Widmanstatten ferrite will be deferred to chapter 4 of this thesis.
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Fig 1.4 Modern Fe-Ni phase diagram. Diagram adapted from [11]. The γ
the α
Fe

represents the austenite phase,
is the ferrite phase; the Ms line represents the martensite start temperature for a given Ni
.γ1
γ2
. γ”
γ‘
on the stoichiometry of Ni3Fe.

Plessite is defined as an intimate mixture of ferrite and austenite. As the ferrite starts forming
α+γ

)

j

of austenite. The nickel rejected from the ferrite accumulates near the edges of the retained
“

z

”. T

austenite pools have lower Ni concentrations than the perimeter since the diffusion of Ni in
austenite is slower than in ferr
“

[ 2]. T

“

z

”

“
; and a schematic diagram of a
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plessite pool is shown in Fig 1.5.

Fig 1.5 (a) A schematic of a typical plessite pool and associated retained austenite rim b) A diagram of the rim
z
.αw
W
γ’
γ’’
F
α2 is martensite. The abbreviation OAR
3F
means austenite rim, CZ means Cloudy Zone, and IAR means inner austenite rim. C) A Typical M profile resulting
from the structures in (b).
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A light micrograph of a plessite pool is presented in Fig 1.6.

PWF

SWF

SWF
I

N
B
N

Outer
austenite
rim

Fig 1.6: P

D
F .2). “B “
SWF”
W
“PWF “
W
.T
the plessite pool is the outer
austenite rim. All the above mentioned microstructural features visible in this Fig are discussed in section 1.4.2.
T
“ ”
ion
1.4.3

T

“

z

”

[

2]

“

”

zone (taeinite is the meteoritic term for austenite). It is visible in optical micrographs;
frequently as a featureless zone (see Fig 1.6), around the perimeters of the plessite pools.
However, on closer examination (see the schematic diagram of Fig 1.5) different regions within
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“

”“

z

”

.T

>50 %

appears uniformly white under
” OAR);

)

“

OAR

.A

OAR

phase is Ni3Fe and the Ni concentrations are at least 65% [12]. In the inward region of the OAR,
the dominant phase is FeNi with increasing amount of ferrite precipitates [12]. The next region
z

“

z

” CZ) [ 2]

concentrations between 28-42 %. T

F

“

to contain Ni
”

precipitates in an austenite matrix [8], oftentimes giving rise to a cloudy appearance in an
“

z

”.

CZ

“ AR)

“
OAR [8].

The outer rim zone of the plessite pool has been the focus of numerous investigations [11, 12]
and its structure and composition are not addressed in the present thesis. Our primary focus
has been directed at the interior of the plessite pool, a region that contains typically less than
about 28% Ni. In Fig 1.6, the interior plessite region contains black plessite (B) and secondary
Widmanstatten ferrite (also called acicular ferrite).
In this thesis Widmanstatten ferrite will be classified as primary and secondary. The term
primary Widmanstatten ferrite(PWF) was coined by Raymond DeFrain Jr [13] to describe
Widmanstatten plates having widths the order of one millimeter (as shown in Fig 1.2 and Fig
1.6), which nucleated first during cooling from a single phase austenite. Widmanstatten ferrite
00 µ
W

” SWF)

R

F
D F

J [ 3]

.6)

“

ondary
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at a lower temperature than the primary ferrite and hence, had grown for a shorter time, and
as a result had a smaller size. Another form of ferrite which Raymond DeFrain Jr included in this
hierarchy was martensite. It is akin to martensite in steels and is formed via shear mechanisms;
in chapter 3 the current author uses hardness tests to establish the difference, if any, between
primary, secondary Widmanstatten ferrite and martensite if any.
F

Y

[ 4]

“

”

also found in meteorites and is indicated SF in Fig 1.2. This ferrite is found to be highly irregular
in shape and according to Young [14] does not adhere to the orientation relationships exhibited
by the Widmanstatten ferrite with the austenite matrix (the orientation relationships of ferrite
with austenite are discussed in section 3.1). “S
“

”

” is argued to be akin to

4). P

W

been indicated in the montage presented in Fig 1.2. Fig 1.7 shows an enlarged image of
“

”
. .;

F
F

.2. T

.2

.7);

late-like and is irregular in
{

}γ

.

approximately 300µm of material had been removed between the recordings of Fig 1.2 and 1.7;
“

”

omite inclusion.
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I

SF

SF

(a)
Fig 1.7 E

SF)
“I”. “I” is identified to be a
chromite inclusion (see Chapter 4) this region has been highlighted in Fig 1.2. SF is not plate-like in contrast with
PWF.

In addition to secondary Widmanstatten ferrite plates and swathing ferrite, a fine dark-etching
region; termed as black plessite by Buchwald [3] is observed. Black plessite (labeled as B in Fig
1.6) typically consists of tempered lath martensite [3] Martensite found in the black plessite is
harder than primary and secondary Widmanstatten ferrite; experimental results based on
V

’

-hardness testing confirm this fact (section 3.5). In addition to black plessite,

various other types have been documented; a comprehensive classification was first provided
by Buchwald [3]; it was purely descriptive and made no attempts to provide formation
mechanisms. (and see Table 1.1 section 1.4.3).
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Table 1.1: Summary of various plessite varieties observed in Fe-Ni meteorites
Massalski et al[15]

Buchwald [3]

Type 1

Acicular plessite

Comments[8]
Intragranularly nucleated Widmanstatten ferrite, formed by

(fine Widmanstatten ferrite

shear but at a rate that is controlled by short-range diffusion

In austenite)

of Ni .Could also be termed as acicular ferrite .

Type 2(Virgin Martensite)

Black Plessite

Plessite consisting of plate martensite (Ni %> 18).Some
Was likely mistaken for columnar bainite

Type 3(tempered

Black/Cellular Plessite

martensite

Tempered lath martensite.
Plate martensite is also likely to be formed
.B

’

terminology maybe incorrect since he identified
some of the early stages of tempering as black
plessite .

Net/comb plessite

Equivalent to acicular plessite
(Type 1 ) or pearlitic plessite.

Pearlitic plessite

Lamellar plessite formed via monotectoid reaction.

Spherodized plessite

Non-lamellar plessite. Maybe formed via
monotectoid reaction like pearlitic plessite
or by a subsequent discontinuous coarsening reaction I,e
spherodized plessite could replace lamellar plessite.
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1.4.3 Types of plessite
Type 1 or acicular

“

W

“[8]. R

Widmanstatten ferrite”.

[8]

“plessitic

was relatively finer (smaller bandwidth) than the primary

Widmanstatten ferrite plates. More recently DeFrain [13] termed this ferrite secondary
Widmanstatten ferrite and this is the terminology that we have adopted in this thesis. Examples
of acicular plessite will be provided in Chapter 3 of this thesis. Ray [8] identified several acicular
plessite pools in the Cape York meteorite and concluded, on basis of bandwidth measurements,
that there were two populations of Widmanstatten ferrite. The primary ferrite which outlines
the plessite pools and the smaller ferrite within the plessite pools. The current author will
establish that there is no difference in the morphology and crystallography between primary
and secondary Widmanstatten ferrite.
Type II or Black plessite is thought to form martensitically, i.e. via a shear mechanism [8]. In the
Cape York meteorite several examples of black plessite were observed; one of them is indicated
in Fig 1.6. Martensite is mechanistically different from Widmanstatten ferrite, and we will
V
R

[8]

“

“
[3]

3.6).

”
” T

B

’

of tempering can evolve
. ). T
“

”

with black plessite which has been tempered [8]. Cellular or finger plessite is more likely to be
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formed from tempered lath martensite than plate martensite, since the latter is formed at a
much lower temperature, hence the time required for tempering is insufficient [8].
Comb/Net plessite was def

R

[8]

“
”.

3.4

comb/net plessite structure is a result of hard impingement of secondary Widmanstatten
ferrite plates.
B

“

”

[3].Spheroidized plessite typically was found in conjunction with pearlitic plessite and was
described by Ray [8] as forming from pearlitic plessite via a discontinuous coarsening reaction.
In the Odessa meteorite pools of pearlitic plessite are observed. In Chapter 4 we investigate
whether the inclusions present in the Odessa meteorite are responsible for the ferritic
structures observed in the pearlitic plessite pools
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1.4.4 Neumann bands and Inclusions
Neumann bands are plate shaped twin lamellae that are formed as a result of shock loading
due to cosmic collisions. Neumann bands may also be formed due to rapid deceleration of a
’

.T

rrite containing a

high number density of precipitates or inclusions [3]. On an etched meteoritic surface, under
the light microscope, they appear as a series of linear features, e.g., at N, as shown in Fig 1.2.
Inclusions are ceramics embedded in the meteorite, with the most common ones being
phosphides, carbides and sulfides. Inclusions can be easily distinguished in a meteoritic
microstructure due to the discontinuous brittle nature typical of a ceramic. In the meteorite
under investigation in this thesis, Cape York, large troilite (FeS) inclusions are the most
commonly observed inclusion (accounting for 5.6 % by volume) [6]. Other reported inclusions,
Schreibersite ((Fe,Ni)3P), daubreelite (FeCr2S4), chromite (FeCr2O4) and native copper were
found in association with large troilite inclusions [6].Inclusions are likely to serve as nucleants
for ferrite. Whether inclusions are responsible for nucleating Widmanstatten ferrite or swathing
ferrite is a debatable topic, which is discussed in details in chapter 4 of this thesis. The inclusion
“I” shown in Fig 1.2, was identified as a chromite inclusion (Chapter 4) the swathing ferrite
surrounding it indicated that the chromite inclusion served as a nucleation site for the swathing
ferrite. It should be noted that in Fig 1.2 swathing ferrite is distinctly identifiable as is not
parallel sided like primary Widmanstatten ferrite. The enlarged images of swathing ferrite in Fig
1.7 provide a better indication of the irregular morphology of swathing ferrite.
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1.4.4 An Introduction to Chapter 2
Prior to discussion of the various results based on three dimensional reconstructions, one
needs to establish a standard experimental procedure for sectioning the Cape York meteorite.
This issue is not trivial since the entire surface, roughly 9 cm2 in area was sectioned one layer at
a time and the ferrite grains are relatively large when compared to steels. Hence the next
chapter introduces experimental techniques that were used throughout the thesis and
establishes a procedure for serial sectioning and obtaining 3-D images from the 2-D light
micrographs.
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CHAPTER 2: EXPERIMENTAL TECHNIQUES

2.1 INTRODUCTION
In this section we will discuss the various experimental techniques used during the entire
course of the project and their relevance. Prior to discussing the serial sectioning technique
suited for our material we will describe the commonly used instruments viz the light
V

’

.T

of each instrument and relevant sample preparation techniques are mentioned in sections 2.22.4.
2.2 LIGHT MICROSCOPY:
2.2.1 Introduction
Optical microscopy was used to image the features of the Cape York meteorite, whose
morphologies were to be studied. Optical microscopy was carried out using Zeis Axiovert 200
MAT (see Fig 2.1). The images were photographed using an attached CCD camera .
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Fig 2.1: The Zeiss Axiovert 200 MAT with a CCD camera attached, used to study the microstructural features of
the Cape York and Odessa meteorites.

Imaging of microstructural features using light microscopy is extremely useful to create a
montage of the entire sample to be studied. Images were taken at 5X magnification. The field of
view of the microscope was 2mm X 2mm. The resolution of optical microscopes is maximum
200 nm.
Prior to viewing the image under the microscope, it needs to be polished and etched to
facilitate a clear image of the various microstructural features which are of interest. Hence a
brief description of the sample preparation process follows
2.2.2 Sample preparation:
The meteoritic samples were first hot mounted using Allied Hot Mounting Tech Press. After
mounting the sample it was machine ground so that the top and bottom surfaces of the

29

material were parallel. This helped in level removal of the material during the automated
polishing process. The automated polisher was set according to the following parameters:

1. Plate RPM – 160 clockwise (cw)
2. Head RPM- 150 counterclockwise (ccw)
3. Water Turned ON
4. Force of 31 KN
The sample was polished for 5 seconds on a 1200 SiC grit paper followed by a 20 min polish on
a felt pad using alumina slurry ( 1 micron) . The sample was then washed and etched with a 2 %
Nital solution for about 15 seconds.
Following this, the sample was ready to be viewed under the optical microscope.
2.2.3 Quantitative methods
The above process is a description of how to obtain images using a light microscope. Often it is
essential to quantitatively study the images to obtain information such as grain size, volume
fraction of a phase and number density(calculations based on formulas from [1]). The
importance of quantitative microscopy will be seen in Chapter 4 of the thesis where numerical
calculations based on optical images obtained by other authors have helped in drawing
important conclusions about the specimen being studied. Hence it is worthwhile to briefly
discuss a few quantitative microscopy techniques.

Carbides
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1 mm

Fig 2.2: Montage of the Odessa meteorite to be used for quantitative microscopy .Relevant calculations are
indicated in the text.

2.2.3.1 Determination of the volume fraction (e.g.; of Carbide Inclusions in the Odessa
Meteorite)
From Fig 2.2
If P1 is the total number of points on the test grid and P2 the number of points on the β
phase, then the volume fraction Vv is given by, where AA is the area fraction[1]:
Vv=AA= P2/P1
P1= total number of points in the grid=13*18=234
Points that lie in the carbide inclusions=P2=25
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Volume fraction Vv= 25/234 = 0.

………………………. )

2.2.3.2 Determination of size of the carbide inclusions
A general measure of the size of a given feature

3

3

is given by [1]

=LL/NL

where
LL represents the line fraction which is equal to the Volume fraction
And NL=Nt/Lt
Where Nt is the number of intercepts in the inclusions =37 in this case
Lt= total length of the test line =(13*1*12.2)/(0.7*25.4) =8.77mm
Thus, NL= 37/8.77= 4.2 mm
Therefore the size of the carbide inclusions L3 = 4.2

……………. 2)

2.2.3.2 Determination of number density of carbide inclusions
Let number density be denoted by NV . If we assume the carbide inclusions to be spherical in
shape ,then we have
Vv=(Nv*4πr3)/3…………………………………[ ] 3)
Where Vv is the volume fraction obtained from equation 1, and r the approximate size of
carbide inclusions obtained from equation 2.
Substituting the values in (3) we have
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Nv= 3.8*105/ m3
2.3 VICKER’S MICRO-HARDNESS
The Vickers hardness test was developed in 1924 by Smith and Sandland at Vickers Ltd as an
alternative to the Brinell method to measure the hardness of materials [2]. The material's
ability to resist plastic deformation from a standardized source is the underlying principle of
V
T

’
V

.
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j

purposes during the course of research

1. They provided microhardness indents which were used as fiducial marks described in
sections 2.6 and 2.7.
2. They were used to measure the hardness values of primary and secondary
Widmanstatten ferrite and martensite for the Cape York meteorite
The hardness testing was done using the Leco MHT Series 2000, shown in Fig 2.3
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Fig 2.3:

L
MHT 2000 V
’
microhardness indents used as fiducial marks .
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number is then determined by the ratio F/A where F is the force applied to the diamond in
kilograms-force and A is the surface area of the resulting indentation in square millimeters [2].
Vickers Hardness data were collected for primary Widmanstätten, secondary Widmanstätten,
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and martensitic regions of the Cape York meteorite. A detailed discussion is deferred to Chapter
3 of the thesis.
A typical indentation is seen in Fig 2.4. The average length of the diagonals is obtained by
measuring d1 and d2, denoted as d. Then the surface area denoted as A is :
A= d2/(2 sin (136/2)°) { It can be seen from the figure the angle subtended by the indenter is
180-22-22= 36 } ………………………….3
HV= F/A

F

…………………………………….4

Substituting value of A from equation 3 in 4,we have
HV= 1.8544 F/d2
2.4 QUALITATIVE ANALYSIS
2.4.1 Scanning Electron Microscope(SEM)
The samples were prepared similar to that for light microscopy described in section 2.2. The
SEM used was a FEI Quanta Environmental Scanning electron microscope (ESEM) having lowvacuum mode. Fig 2.5 shows the backscattered electron image of a cohenite(carbide) inclusion
present in the Odessa meteorite.
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Fig 2.5 Backscattered electron image of a cohenite inclusion taken using the ESEM
2.4.2 Energy Dispersive Spectroscopy(EDS)
The EDS instrument, an Oxford Instruments(model 6650) EDS was connected to the ESEM.
Chemical analysis was performed at specific locations chosen in the SEM, through software
packages of the two instruments. A chemical analysis region of the cohenite inclusion found in
the Odessa meteorite is shown in Fig 2.6
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The inclusion shown in the fig 2.6 has a high Carbon concentration and therefore we classify it
as a carbide( cohenite).

Fig 2.6 : EDS spectra of the cohenite inclusion shown in Fig 2.5
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2.5 THREE DIMENSIONAL CHARACTERIZATION
2.5.1 Introduction
Three dimensional (3 D) characterization is an important tool for studying opaque
polycrystalline materials in order to obtain detailed information about the shape of various
features and to model microstructural evolution. Serial sectioning techniques have traditionally
been employed to successfully achieve the goal of 3 D characterization of an opaque
polycrystalline material. The process involves removing material from a bulk sample one layer
at a time, imaging these layers, aligning them and reconstructing the 3-D features using suitable
computer software. Commonly used techniques such as polishing, focused ion beam-SEM
techniques, atom probe tomography and micro milling have been successfully employed to
study the features of various polycrystalline materials and obtain important information about
the microstructural evolution. The major limitation of these techniques is the fact that they are
destructive in nature; hence recently an emphasis has been on developing non destructive
techniques such as X ray microtomography.
The objective of this chapter is to review the relevant 3 D characterization technique and make
a choice of that technique which is best suited for Fe-Ni meteorites. The advantages and
drawbacks of both destructive and non-destructive characterization techniques with respect to
the material under consideration, iron nickel meteorites, will be discussed in this chapter. A
description of meteoritic microstructures has been provided in Chapter 1, Section 1.4 and 1.5.
Fig 1.6 in Chapter 1 shows an optical micrograph of a plessite pool. The typical field of view of
and resolution of the light microscope was described in section 2.2. As was mentioned in
Chapter 1, Section 1.4.2 secondary Widmanstatten plates are about 100-300 µm in length.
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Hence, to determine the morphology of the ferrite plates a depth of at least 300 µm must be
probed. Keeping in mind the depth of material to be probed the merits and demerits of the
various three dimensional characterization methods is analyzed and an optimal method
suitable for the three dimensional characterization of the Cape York meteorite (can be used for
any Fe-Ni meteorite) is designed.
2.5.2 Destructive Techniques
2.5.2.1 Focused Ion Beam (FIB)- SEM
The combination of focused ion beam (FIB) and the scanning electron microscope (SEM) is an
important tool for characterizing micrometer and sub-micrometer size microstructural features
in three dimensions using serial-sectioning procedures. This combination of FIB and SEM can
be used to collect morphological, crystallographic, and chemical information throughout a
serial-sectioning experiment [3]. As shown in the Fig 2.7 an FIB operates by rastering a focused
beam of Ga+ ions over the surface of the material to be sectioned [4] .
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Fig 2.7 : Principle of operation of FIB. Description of the process is mentioned in the text

As can be seen from the Fig2.7 , a primary Ga+ ion beam which is incident on the surface
sputters a small amount of material which leaves the surface as secondary ions(i + ) or n0
(neutral atoms) . The primary beam also generates secondary electrons (e-). As the primary
beam is rastered sequentially on the surface of the material to be characterized the sputtered
secondary electrons and ions are collected forming the image. For modern FIB systems, ion
beam spot sizes of the order of tens of nanometers can easily be achieved. Hence a high
precision and high resolution image can be obtained [4].
This method has been found to be extremely useful as it is an intermediate between methods
that examine extremely small volumes with high lateral and depth resolution ( like 3-D atom
probe tomography) and methods which examine bulk volumes of material with a coarser
resolution ( e.g. mechanical polishing coupled with light microscopy) [4] .
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FIB can be used in two common positions to section the sample surface. The first method is to
align the FIB normal to the surface of interest, in this case the milling and collection of data is
achieved at the same time. This technique is called image depth profiling [3]. It is mainly used
for monocrystalline materials as a uniform removal rate is necessary in order to control the
removal of material from the surface accurately. Removal rate or sputtering is extremely
sensitive to surface topology, chemical composition and crystallographic orientation and hence
applicable for single crystal and not polycrystalline materials [3].
The second method involves placing the FIB parallel to the surface of interest hence it is used as
“

“

F 2.8.

This later method is more suitable for polycrystalline material as it does not require the surface
to have a uniform milling rate in order to obtain a series of planar surfaces. To image the
surface after milling one has to tilt it so that the ion beam can be scanned across the surface.
Once the image has been taken it is re adjusted to the original position before starting on a new
cross section [3]
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Fig 2.8: Cantilever geometry used by Uchic et al[2] for 3-D characterization. Fig redrawn from [3].

Fig 2.8 shows the typical sample geometry that was used by Uchic et al [3]. The authors explain
their choice for this particular alignment, termed as cantilever geometry, since it prevents
redeposition of milled material onto the surface. This in turn prevents the shielding of certain
surface features which may be of interest for analysis.
Uchic et al [3].employed their method for 3-D microstructural characterization of nickel super
alloys .
Current FIB-SEM instruments are capable of achieving nanometer to micron level resolutions
(CrossBeam® FIB/SEM system, Carz Zeiss XB1540) Typical spatial resolution that can be
< 00

)

000 μ

3

[4].

However in iron-nickel meteorites the sizes of ferrite plates to be analyzed are too large for
effectively section the entire surface of the meteorite to be sectioned at once using the FIBSEM technique. Also we aim to section the entire surface of the sample and not some limited
areas. The entire area is nearly 6 cm2; hence using FIB is not a practical approach for 3 D
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characterization in our case. It can be an extremely useful technique if a limited area is studied
which is smaller in size.
2.5.2.2 Microtome
Microtoming is a commonly used mechanical device for the purpose of sectioning soft materials
such as polymeric materials or biological samples. It is essentially a cutting device which uses a
diamond blade that can remove sections less than 1 micron [5] .Wolfsdorf et al[5] employed a
micromiller (Reichert-Jung (Leica) Polycut E microtome with a micromilling attachment) to
prepare the samples, which were then etched and photographed using an optical microscope .
A very soft material (Pb-Sn alloy) was studied and, milling gave nearly scratch free cross
sections. Images were aligned using microstructural features of individual cross sections [6]
Alkemper et al(2001) refined this method to successfully section and study the morphological
evolution of dendritic microstructures in the Pb-Sn system[7] [8].
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Fig. 2.9 Schematic diagram of serial sectioning procedure using a microtome. The sample moves alone the y axis
and sections are taken along the z axis. The short arrows represent the simultaneous movement of the microscope
and the milling machine along the z axis. Adapted from [7].

The surface of the sample is milled off with a step-size between 1 and 20 micron. Subsequently
the sample is viewed under the microscope, which is directly attached to the milling machine.
The samples do not have to be removed from the milling machine between different cuts. All
sample movements are done by using the stage of the micromiller[6]. Etching of the samples
can be done in a position between the milling area and the microscope. An LVDT (Linear
Variable Differential Transformer) is used to obtain the necessary information on the
alignment.
The major limitation of this method is that it is suitable for relatively soft materials like
aluminum alloys, solders etc. and can be extended to polymers and biological samples.
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Fe-Ni meteorites being relatively harder than polymers, biological samples and aluminum alloys
are not suited for sectioning using a microtome. The second major issue as mentioned by
Alkemper et al [7] is the technique they have developed uses a diamond blade which may not
be suitable for sectioning steels and similar materials. Due to the fact that Fe-Ni meteorites are
relatively hard, the diamond blade during the sectioning process will get heated. This may
result in formation of carbides since carbon combines with iron at high temperatures forming
iron-carbides. A third major difficulty faced while using this technique is the sample size.
Krammer et al explain the application of this method to determine the coarsening process of
dendritic microstructures in Pb-Sn alloy [8]. The authors use cylindrical samples (6mm height 12
mm diameter) which are not suited for the sample under consideration because a much larger
surface area( about 6 cm X 6 cm) compared to ones that have been used by Krammer et al , is
to be analyzed [8].
2.5.2.3 Atom Probe Tomography:
2.5.2.3.1 Introduction
Atom probe tomography is a less commonly used characterization technique which has been
applied to a broad range of materials , particularly structural metals and alloys, but also thin
films, dielectric, ceramic and semi conducting materials. Atom probe tomography is found to
have the highest spatial resolution amongst any microscopy technique (sub-0.3 nm) [9].
2.5.2.3.2 Working Principle
The history of atom probe can be traced to the evolution of the field emission microscope to
the field ion microscope which resulted in the successful imaging of atoms for the first time
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[9].The basic principle of operation of a field ion microscope is a sharp needle like sample which
is cryogenically cooled and held at a standing voltage. As the voltage is increased the atoms at
the surface of the needle get ionized. This process results in ions being projected towards a
phosphor screen on which the image is obtained [9].
Atom probe tomography was developed in the 1980s and was a technique which produced
three dimensional images of the internal structure of specimens from many slices. Each of
these slices consisted of a few atoms removed layer by layer from the specimen. The
experimental set up consists of a position sensitive detector and a time- of –flight mass
spectrometer [9,10]. The time of flight mass spectrometer is an instrument in which the mass
to charge ratio of ions is measured as a function of flight time.
Atoms are removed from the specimen by the application of a short duration high voltage pulse
which is superimposed on a standing voltage. Once the atoms are removed from the surface of
the specimen they travel towards a two dimensional position sensitive detector on which the x
and y coordinates of the atoms are recorded [9,10]. As each layer of atoms evaporates from the
surface of the specimen, the underlying layer is exposed. The sequence of atom hits on the
position sensitive detector is used to track the evaporation of atoms serially. The three
dimensional image is reconstructed from the combination of the two dimensional x and y
positions and field evaporation sequence which yields the third spatial dimension z[9].
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Fig 2.10 The principle of operation of an atom probe. The x and y coordinates of each atom are are given by their
position of impact on the position-sensitive detector. The position in the evaporation sequence gives us the z
coordinate. The mass-to-charge ratio of each atom is determined from its flight time in the time-of-flight mass
spectrometer and the applied voltages. Fig adapted from [10].

The role of the position sensitive detector is very important in three dimensional atom probe
tomography as it must correctly record two or more atoms that have evaporated during the
same pulse [9]. If the detector is unable to correctly record more than one simultaneous hit
then the voltage pulse must be kept low in order to minimize the probability of multiple atoms
evaporating almost simultaneously [9]. Thus one can conclude the rate of data collection in an
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atom probe is greatly affected by the effectiveness of the position sensitive detector to record
multiple atom hits.
The data from the position sensitive detector, that is the x and y distances are scaled by
magnification in order to obtain the x and y coordinates of the atom in the specimen [9, 10].
The z coordinate is determined from the position of the atom in the evaporation sequence [9].
While the evaporated atoms travel towards the position sensitive detector, small trajectory
aberrations may occur due to interaction of the atoms with its neighboring atoms. This limits
the spatial resolution in the x-y plane to 0.2 nm[9].
Some of the three dimensional atom probes are equipped with reflectron lenses to improve the
resolution; however the field of view is restricted to <0.05 sr by reflectron lenses [9].
2.5.2.3.3 Drawbacks:
Atom probe tomography can be used to analyze small volumes of material with high lateral
resolution. A position sensitive atom probe can obtain data from up to several nanometers (1020 nm) [11]. However this area is not enough for the study of our sample material due to much
greater depth of the material to be probed (about 300 microns) and a larger area that needs to
be analyzed. A typical volume measured using the atom probe as shown in fig 10 of [9] is
20*20*50 nm 3. This is insufficient for the current study as the area of a typical plessite pool is
9 mm2 , hence around 27 mm 3 of material needs to be analyzed which is beyond the scope of
the atom probe.
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2.5.3 Non Destructive Techniques
2.5.3.1 Introduction
Nondestructive 3-D characterization techniques are a useful and indispensible tool for the study
of the 3-D evolution of microstructures in opaque materials. The spatial resolution in such
techniques should be sufficiently high in order to resolve the microstructural features (e.g.,
grains, pores, precipitates, etc.) of the material under consideration as well as a temporal
resolution to detect and track those changes [12]. The temporal resolution can be defined as
the measurement of a sample with respect to time. These techniques can be applied to
features fully contained within the material to avoid surface effects that would influence the
measurements. While conventional serial sectioning methods have proved invaluable in 3-D
characterization the major disadvantage of serial sectioning is the techniques are destructive in
nature.
The capabilities and features of the third-generation synchrotron sources have facilitated the
nondestructive 3-D characterization techniques. When compared to the first and the second
generation synchrotron, the third generation synchrotrons have particle accelerators of up to
8GeV (Spring-8, Harima Science Garden City in Japan) [13]. The first generation synchrotrons
had particle accelerators with capability of typically around 250 MeV[13]. The second
generation synchrotron had particle accelerators of about 2 GeV capacities and could serve
more users than the first generation [13].
The third generation synchrotrons generate high-energy x-rays of the order of 20-100 keV
which can penetrate deeply into the object being studied thus providing information about the
bulk microstructure within the material [12] . The high flux of these x-ray sources enables
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micron-sized (or smaller) features to be detected thus enabling the study of the microstructural
evolution.
2.5.3.2 X Ray microtomography
2.5.3.2.1 Introduction
X ray tomography has been applied effectively in medicine and science to non-destructively
reveal the 3-D structure of opaque materials. The fundamental principles of x-ray
microtomography are similar to those of conventional medical tomography, however differ
vastly in terms of spatial resolution and sample dimensions [14]. X-ray microtomography is an
emerging field for the study of the three-dimensional structure of materials, particularly with
the development of intense synchrotron sources and area detectors making X ray
microtomography a popular choice for nondestructive 3-D reconstruction. Ordinary X ray
machines have limitations in terms of beam energy and hence resolution is limited and all kinds
’

z

.T

high energy X rays. Third generation synchrotron sources are believed to achieve a spatial
resolution greater than 0.5 microns [12].
X-ray tomography is based on the principle that when an x-ray beam passes through an object,
“

” [ 4]

olume elements (voxels) along

its path. If one measures the attenuation of the beam density of the sample one can
reconstruct the structure of the sample along the path of the x ray beam
The major problem faced in microtomography is achieving optimal spatial resolution while
simultaneously maintaining good data collection statistics. The time required to collect data
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increases with the fourth power of linear resolution. This means that a high-brilliance X-ray
source is needed in order collect reasonable amount of data while maintaining adequate spatial
resolution. For this purpose a synchrotron is needed to perform microtomography experiments
[14].
There are four major methods of X-ray microtomography[14]
1. Transmission tomography
2. Phase contrast tomography
3. X-ray Fluorescence tomography
4. Direct imaging methods
2.5.3.2.2 Drawbacks
Non destructive 3 D characterization techniques are an indispensable tool for 3 D
characterizations. However the major limitation of these techniques is the necessity of a
synchrotron facility which is a time consuming process and involves a long waiting period for
the beam time hence is not always the most practical approach to 3 D characterization.
The various limitations of destructive techniques such as FIB, microtoming and atom probe
tomography have been discussed in section 2.2. Taking these limitations into consideration
along with the depth of the material to be probed and amount of material to be removed in
each section, serial sectioning using an automated polisher was chosen as the appropriate
technique for three dimensional characterizations of iron-nickel meteorites. Detailed discussion
of the designing of the experiment is presented in sections 2.6 and 2.7.
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2.6 SERIAL SECTIONING
2.6.1 Introduction
Serial sectioning is a destructive technique used for the purpose of three dimensional
characterizations of materials. The sample to be studied is sectioned layer by layer using an
automated polisher. After sectioning each layer, an image of the sample is taken. Each of these
images are aligned and reconstructed using computer aided software in order to obtain the
desired morphology of the features under consideration.
The primary step before starting a serial sectioning experiment is to identify the microstructural
features to be studied. A description of the microstructural features to be studied has been
provided in Section 1.4 .As mentioned in Section 1.4, the secondary Widmanstatten ferrite
plates that need to be studied are between 100-400 µm in length and the depth to be probed is
around 300 µm. Hence it is necessary to remove around 5-10 µm per section, to provide about
fifty sections per reconstruction and the polishing parameters were adjusted accordingly to
achieve the required removal rate. This was discussed in details in Section 2.2.
The other experimental parameters which need to be considered are the nature of etchant to
be used, fiducial marks and their depth, the imaging method, image acquisition and
visualization software. The importance of these parameters is discussed as follows:
2.6.2 Role of etchant
Etchant is extremely important since it provides a contrast between different phases of a
material. The etching process should be carried out very carefully. Over etching may result in
pits being formed on the material and under etching may result in some micro structural
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features being not revealed. The etchant used in the present case was 2% nital as described in
Section 2.2.
2.6.3 Fiducial marks:
Fiducial marks such as microhardness indents are often necessary to mark the area interest,
e.g ,see Fig 2.11. Indents may help to calibrate the removal rate. They also provide a means for
overlaying successive images .Depending on how much material one requires to remove per
section one may choose the size of indents accordingly. Larger indents (higher indentation load)
will be required if more material is to be removed.
In this case fiducial marks were made using microhardness indents and were used as reference
dents. An example of fiducial marks is seen in the Fig 2.11 .

Fig 2.11: P
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”
surrounding it. Microhardness indents serve as fiducial marks and facilitate the image alignment process. The
microhardness indents were not used as a means for determining the depth of material removed during polishing.
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One must note that as the polishing process is carried out and various sections are taken off the
sample, the microhardness indents start diminishing in size and will eventually disappear. In
order to circumvent this problem new microhardness indents were made after every six
sections.

Fig 2.12 : Plessite pool after six sections after the microhardness indents were made as shown in Fig2.10.
Microhardness indents are visibly diminished and new indents must be placed in order to keep a track of the
location of the previous reference dents (e.g. compare Fig 2.12 with Fig 2.11) .

2.6.4 Removal rate and the number of sections required
This is entirely dependent on the nature of the material. As mentioned earlier due to the rather
large dimensions of the secondary Widmanstatten ferrite plates to be studied, nearly 5-10
microns were to be removed in one section. The parameters of the sectioning process that
were used to achieve the required removal rate are discussed in Section 2.7. The method of
depth calculation is explained in Section 2.7 using Figure 2.13.
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2.6.5 Imaging
The fiducial marks facilitate the process of aligning the images. The alignment or registry can
be performed manually by overlaying fiducial marks in subsequent images using an image
processing software such as Adobe Photoshop or NIH image. In this case alignment was done
using Adobe Photoshop. A detailed description of the alignment process and subsequent three
dimensional reconstructions using ImageJ can be found in the Appendix.

2.7 EXPERIMENTAL PROCEDURE
2.7.1 Experimental technique
In order to keep a track of the removal rate, it was essential to measure the depth of the
material being removed because despite using an automated polisher where the force and
polishing time can be kept relatively constant, it was observed that the same amount of
material was not removed in every cycle. To measure the depth of the material being removed,
4 tool steel ball bearings of 2 mm diameter each were embedded in a mold of the Cape York
meteorite during the hot mounting process. The diameter was chosen because the field of view
of the optical microscope is limited and 2 mm was an optimal diameter from the various
choices that were available. Fig 2.13 is an illustration of the geometrical calculations used to
determine the depth from an observed diameter of a sphere. Once a base depth is established
relative depths of the subsequent layers can be calculated. It should be noted that
microhardness indents were not used to measure the depth of material removed ,since their
depths of each indent is not sufficient with respect to the desired depth of material to be
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known.

Figure 2.13 Calculation of depth using the ball bearing. Where: R is radius of the ball bearing, r is the observed
radius of the ball bearing .D, measured diameter of the ball bearing

From Fig 2.13, D is measured for each section .Because the radius of the ball bearings is known.
Hence the required depth can be calculated as:
r2 + h2 = R2……………………………………………. (1)
Depth = R – ………………………… 2)
The Cape York sample was mounted in Bakelite with 2mm tool steel ball bearings surrounding
it. Prior to the hot mounting process, bearings were placed at equal distances from the edge of
the four sides of the rectangular sample in order to promote level sanding. This was done by
sprinkling a slight amount of Bakelite to impede the bearing from rolling when they were placed
down. Fig 2.14 shows the arrangement of the ball bearings prior to the process of hot
mounting. The sample was hot mounted using Allied Hot Mounting Tech Press.
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Figure 2.14: Technique for ball bearing placement. The top bearing will be referred to as Top, then in a clock
wise motion the bearing are defined as Right, Bottom, and Left.

After mounting the sample it was machine ground so that the top and bottom surfaces of the
material were parallel. This helped in level removal of the material during the polishing process.
20

V

’

lessite pools to be studied as

reference markers. The role of fiducial marks has been discussed in Section 2.5. It was
observed that these indents lasted roughly for about 6 polishing cycles. Since the Bakelite did
not surround the ball bearings completely, one must polish it for one cycle before measuring
the base. This enables us to see the circular shape of the ball bearings which is necessary to
measure the diameter from which depth is calculated using equations shown in Fig 2.12.
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Figs 2.15 and 2.16 demonstrate the necessity of polishing the sample for one cycle before
starting the measurements.

Figure 2.15: Unpolished ball bearing in Bakelite at 10x. An accurate diameter cannot be measured. It should be
noted that the surface appears highly irregular since the Bakelite added during the hot mounting process covers
the ball bearings. Hence it is necessary the polish the sample to not only prepare the sample for imaging under the
light microscope but also to remove the excess Bakelite covering the ball bearings.
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Figure 2.16: Base measurement of Left ball bearing at 10x.The average of the two indicated diametrical
measurements was used to calculate the radius. The excess Bakelite in fig 2.15 has been removed by polished

The automated polisher was set according to the following parameters:

1. Plate RPM – 160 clockwise (cw)
2. Head RPM- 150 counterclockwise (ccw)
3. Water Turned ON
4. Force of 31 KN
The sample was polished for 5 seconds on a 1200 SiC grit paper followed by a 20 min polish on
a felt pad using alumina slurry (1 micron). The sample was then washed and etched with a 2 %
Nital solution for about 15 seconds.
This process was repeated for several cycles and images of each section was taken and the
depth calculated. The optical microscopy was done using Zeiss Axiovent 200 MAT using the
Axiovision software. The images were captured at an optical magnification of 5 X.
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2.7.2 Results and Discussions
As discussed earlier the removal rate was calculated by measuring the depth of the material
removed as shown in Fig 2.13. Table 1 gives a sample measurement of the depth of the
material removed for the first section:

Table 2.1: Base reference data, all measurements are in microns

Diameter 1

Diameter 2

Average Radius

Ball Top

429

438

216.75

Ball Left

525

529

263.5

Ball Bottom

339

358

174.25

Ball Right

540

547

271.75
Average: 231.56
Depth: 27.18

The initial depth of 27.18 is set as zero and the relative depth of the subsequent sections is
calculated according to equations 1 and 2. The data on an average shows 4.57 µm were
removed. Figure 2.17 shows a scatter plot of total depth removed vs. section number. The
numbers have a linear fit with an R2 value of 0.9936, the slope of the line is 4.589 µm, and this
corresponds to the average amount taken off in each section if the intercept is set to zero. This
value is very close to the calculated average of 4.57 µm taken off.
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300
y = 4.5893x + 8.9627
R² = 0.9936
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Fig 2.17 Plot of depth of the material removed as a function of section number. It can be seen from the plot that
the removal rate is approximately linear. The slope of the line is 4.59; indicating 4.59 µm of material is removed
per section. This agrees with the calculated average removal rate of 4.57 µm per section.

Selected images of plessite pool E which were recorded at different depths will be presented in
section 3.4 of Chapter 3, during discussion on the morphology of secondary Widmanstatten
ferrite.
Following the discussion on experimental techniques we need to briefly discuss the various
instruments involved which were used over the due course of the entire thesis project.
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CHAPTER 3: THE CRYSTALLOGRAPHY AND MORPHOLOGY OF SECONDARY WIDMANSTATTEN
FERRITE
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3.1 INTRODUCTION
In this chapter the crystallography and morphology of Fe-Ni meteorites will be discussed with
special focus on the Cape York meteorite. Relevant studies on both meteorites and steels ,
conducted by various researchers , will be reviewed so that a common ground is established
between the research done by the author of this thesis and research done in the past.
Ultimately the goal of this chapter is to show the microstructural microconstituent that we call
“

W

”

“

W

”

and that a distinction between the two may not be warranted. Rather, the different band
widths associated with the various Widmanstatten plates are simply reflection of the differing
degrees of undercooling that occur prior to the nucleation of the various Widmanstatten plates.
We will highlight the continuity between primary and secondary Widmanstatten ferrite by
showing that the crystallography and morphology of the two microconstituents are identical.
We will also show that the microhardness of the two ferrite products is very similar yet
markedly different from martensite. Initially, in Section 3.2, a literature review on past work
done in steels and meteorites along with a discussion on the crystallography of the Cape York
meteorite is presented. Subsequently the relevant plessite pools of interest are introduced in
Section 3.3. Three dimensional reconstructions of the secondary Widmanstatten ferrite will
enable us to not only investigate the morphology of the ferrite and compare it with past studies
but also will enable us to determine the number of morphological variants and the
crystallography of the ferrite (section 3.4).
A further investigation on the morphology of the secondary Widmanstatten ferrite is and
subsequently a discussion on the thickening and the lengthening process of ferrite is presented
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in section 3.5. Section 3.6 introduces a comparative micro-hardness study between the
different forms of ferrite and its relevance. Finally, section 3.7 provides a concluding discussion
where the important results and implications of this chapter will be presented and discussed.
3.2 CRYSTALLOGRAPHY OF WIDMANSTATTEN FERRITE: A REVIEW
3.2.1 A Review of Previous Studies: Meteorites
In this section the crystallography of Widmanstatten ferrite in meteorites and steels in general
and in the Cape York meteorite in particular is discussed in detail. To the best knowledge of the
author of this thesis the first work in terms of determining the crystallography of
Widmanstatten ferrite (i.e. in our terminology primary Widmanstatten ferrite) in Fe-Ni
meteorites was performed by Young [1, 2]. From his papers, discussed in detail in this section,
Y

{

}γ

γ

ts

austenite. Hence it is worthwhile to examine his work which will have significant relevance
throughout the entire thesis.
The primary objectives of the papers written by Young were to establish the crystallography of
the Widmanstatten ferrite and austenite and to discuss the orientation relationships (O.R)
between them [1, 2]. One of the important results of the Young papers was the determination
of the habit plane of Widmanstatten ferrite precipitates with the austenite matrix using three
surface trace analyses [2].
Initial experiments were carried out by Young [1] to determine the crystallography of the
Widmanstatten ferrite and austenite using the Carlton meteorite. As mentioned in Chapter 1,
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section 1.4, meteorites are named after the location where they were found; in this case
Carlton in northern Hamilton County in central Texas, USA. The reason the Carlton meteorite
was selected was because of the very regular development of the Widmanstatten structure and
it was relatively easy to expose a small area of austenite by grinding the sample parallel to an
octahedral plane, or the {111} austenite plane, of the structure [1]. From the x- ray diffraction
studies, Young came to the conclusion that kamacite or ferrite is body centered cubic (bcc)
[1].Young established this by calculating the lattice constant which agreed with that of bcc iron
[1]. Diffraction patterns from the kamacite showed reflections from the (211), (100) and (111)
planes which indicated a bcc structure [1]. Likewise strong reflections from (111), (100), (110)
3

)

“

”

)

)

structure [1].
Young studied the habit plane of the Widmanstatten ferrite by creating a section which was
parallel to one of the faces of the ferrite plates that were formed parallel to one of the
octahedral planes. X ray diffraction data obtained from the Widmanstatten plates parallel to
this sectioning plane helped Young to determine the crystallographic indices of the habit plane
which indeed corresponded to {111} [1]. Young also obtained x-ray data from Widmanstatten
plates which were orthogonal to the sectioning surface which enabled him to examine the
matching of the trace directions within the habit plane [1].
Young in his second paper briefly discussed the Kurdjumow-Sachs (K-S) and NishiyamaWasserman (N-W) OR

Y

’

discussed ferrite-austenite orientation relationships and predated both the K-S
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N-W investigations.
The K-S OR is:
{0

} α// {

}γ

[

] α// [ 0 ] γ

N-W OR is:
{0

W

α

} α // {

}γ

[ 00] α // [0

]γ
γ

austenite.

Young employed x ray diffraction studies to determine the orientation relationships between
ferrite and austenite. The experiment was carried out on the Canyon Diablo meteorite and the
results were confirmed using the Butler and the Carlton meteorites and an artificial Fe-Ni alloy
[2].
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Fig 3.1 : Determination of angles between the four Widmanstatten ferrite plate orientations (1-4) adapted from
[2] A
Y
’
the fact that plates 1-4 lie on the {111} habit plane.

09.5°

d establish

One of the primary aims of Young was to determine the habit plane of the Widmanstatten
.H
tra

“

C

“
D

.T

chosen for the experiment was approximately 150 cm2 in area and 7 mm in thickness. One of
the faces was polished and etched to reveal the primary Widmanstatten structure [2]. To
determine the approximate direction of the axes of the meteoritic sample two more mutually
orthogonal faces were cut on the sample. This facilitated the measurement of the angles
between the Widmanstatten ferrite plates. A schematic representation of the experiment is
presented in Fig 3.1. Axes XYZ were chosen as they are orthogonal to each other. By tracing the
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γ/α

Y

W

ferrite plates unambiguously and determined that they lay along the {111} austenite planes.
Young compared his experimental data with the theoretical value of the tetrahedral angle, i.e.
109.5° for three different meteorites: Carlton, Canyon Diablo and the Butler. These data are
represented in Table 3.1.
Table 3.1 Comparison of the measured angles between various ferrite plates (depicted in Fig 3.1) with the
)
. “P
3.1. Table based on data from [2] .

Meteorite Tetrahedral
Angle

-2 A

”

F

Plate 1-

Plate1-3

Plate 1-

Plate2-3

Plate 2-

Plate 3-

Standard

2

Angle

4

Angle

4

4

Deviation

Angle

Angle

(theoretical) Angle
Canyon

2

Angle

109.5°

105.6°

110.9°

110.6°

109.9°

113.2°

107.3°

2.721

Butler

109.5°

108.2°

110.6°

107.9°

111.1°

109°

110.7°

1.391

Carlton

109.5°

107.5°

108.5

107.3°

110°

110.5°

112.8°

2.095

Diablo

It must be noted from Table 3.1 that the standard deviation from the tetrahedral angle in the
case of the Canyon Diablo meteorite is almost twice that from the Butler meteorite. This
indicates the development of a more regular Widmanstatten ferrite structure in the Butler
meteorite than in the case of the Canyon Diablo meteorite [2].This would appear to be a
general result in that as the Widmanstatt

. .

“

”

thickness of Widmanstatten ferrite decreases), the habit plane more closely corresponds to the
{111}γ austenite plane. The reasons for such observations remain unclear.
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To determine the orientation relationship of the ferrite plates with the austenite matrix Young
used x- ray data and calculated the angle between the ferrite plates and the austenite matrix
[2]. The x- ray data not only helped to determine the O.R between the ferrite and austenite
matrix

’

Widmanstatten structure [2].
In the Canon Diablo meteorite Young examined 21 ferrite crystals, out of which he found only
15 conform to the {110} ferrite being parallel to {111} austenite. The remaining six cases, in
which the {110} plane of ferrite was not parallel to the {111} austenite plane, were found to be
irregular in shape and contained schreibersite inclusions((Fe,Ni3)P)
” [2].Y

“

“

”

[2].

This is an extremely important result and its significance is further explained in Chapter 4.
F

Y

Φ

the {110} plane of the Widmanstatten ferrite makes with the {111} austenite plane. He also
calculated the angle of asymmetry, denoted as θ, which is the angle [001]-axis of ferrite makes
with the corresponding [1 ̅ 0] - axis of austenite [2].
As shown in Table 3.2 the mean values of Φ and θ was found to be 1.1° and 3.8° respectively.
These results indicated that the orientation relationship between Widmanstatten ferrite and
the austenite matrix conformed neither to K-S or N-W O.R directly [2]. For both the K-S and
.W OR

θ

z

.F

K-S OR

θ is 5.26°, whilst for the

N-W OR, the value of θ is zero. Based on these results Young superimposed the two families of
{

0} α {

}γ

F 3.2.
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Table 3.2 Distribution of Angles Φ and θ of the various ferrite crystals data taken from Table 3.1 in [2] Φ
{ 0}
W
{
}
. θ ,is the angle of
asymmetry, which is the angle between the [001]- ferrite directions and the [1 ̅ 0] austenite directions . Barring
crystal H , the mean values of Φ and θ
. ⁰
3.8⁰
. T
θ
F 3.2).

Crystal

A

B

D

E

F

G

N

O

H

I

J

M

J

U

V

Φ(degrees) 0.9

0.6

1.5

0.6

0.9

1.9

0.6

0.8

2.1

1.1

0.2

1.6

0.9

1.4

0.9

θ(degrees)

4.1

3.9

2.6

3.2

2.2

4.0

4.2

6.1

4.2

3.0

2.3

4.1

4.5

3.9

4.7
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Fig 3.2: Y

’
. T {
}
austenite plane is represented by the solid lines in the figure and is assumed to be parallel to {110} ferrite plane
represented by dotted lines. From the figure it can be seen that [1 ̅ ] α// [ ̅ 0 ] γ
K-S OR,
however if {110} ferrite plane is rotated by 5.26° in a counterclockwise direction with respect to [1 ̅ 1] austenite
the N-W OR is achieved. Figure redrawn from [2].

From the results obtained from Young papers, one can summarize his major conclusions as
1. A {110} plane of the primary Widmanstatten ferrite (bcc) is parallel to {111} plane of the
austenite. Primary Widmanstatten ferrite precipitates lie on the {111} austenite plane.
2. From his studies Young came to the conclusion that the true O.R lies somewhere in between
the N-W and K-S orientation relationships. These results have been verified through modern
studies.
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3.2.2 A Review of Previous Studies: Steels
As mentioned in Chapter 1 and section 3.1, one of the aims of this thesis is to forge a link
between the microstructures that develop in Fe-Ni meteorites and Fe-C steels. In the following,
a series of seminal papers by King and Bell [3-5] are reviewed and their results compared with
those of Young[1,2].
In a series of three papers King and Bell [3-5] experimentally determined the four habit planes
of Widmanstatten ferrite and discussed the orientation relationship (O.R) between
Widmanstatten ferrite and the austenite matrix in a low carbon steel. Additionally they also
discussed the morphology of proeuctectoid ferrite and the occurrence of sub boundaries in
Widmanstatten ferrite precipitates. In this section we will concentrate on the determination of
habit planes and the O.R, and later re-visit these papers in Chapter 4 where grain boundary
“
“

”

”
.

An Fe-0.47% C alloy was chosen ,which was austenized at 1100 deg C for 2 hrs in vacuum and
then isothermally transformed in molten salts above the eutectoid temperature ( at 735 deg C)
for 20 minutes[3-5]. The temperature was chosen above the eutectoid temperature in order to
enable the formation of proeuctectoid ferrite only, which would display the Widmanstatten
pattern. Below the eutectoid temperature the pearlite reaction would be competing with the
ferrite reaction thus resulting in a lamellar structure which was not desirable for this
experiment.
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The Widmanstatten structure was then analyzed using Kossel X ray diffraction [3-5]. The main
principle behind a Kossel diffraction pattern is as follows: When an electron beam is incident on
a sample it can be diffracted from the portion of the sample in the vicinity of the zone where
the beam interacts with the sample. The resulting diffraction pattern is known as a Kossel
pattern and can be used to measure the interplanar spacing in the given sample [6]. The
authors carried out a two surface metallographic analysis by grinding and polishing the
specimen to create a primary surface and th

“

”

that was very similar to that adopted by Young [1]. The orthogonal surface was 90 ±0'3° to the
original surface [3]. Sections were then taken at intervals of 100 µm parallel to the orthogonal
surface. This experiment unambiguously established that a unique set of four planes which
defined the habit plane of the Widmanstatten ferrite precipitates, whether they were side
plates or found intragranularly ; the four planes corresponded to the {111} austenite planes [3].
Using Kossel diffraction studies the authors argued that the Widmanstatten ferrite precipitates
have habit planes within 5 deg of {111} austenite [3, 4].
King and Bell also established that the O.R between ferrite and austenite was between the K-S
and N-W orientation relationships [3-5] this is in agreement with the work of Young [1,2].
Comparing the O.R between the ferrite plates and the austenite matrix King and Bell concluded
that there is a range of O.Rs between the K-S and N-W O.R with a m
to Fig 3.2 and Table 3.2 for the value of θ
They plotted the distribution of ferrite3.3.

θ = 3.4°

);
θ

F
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Fig 3.3 The distribution of ferrite-austenite or
[0 ̅ ̅ ]γ
[00 ̅ ]α
using data from [3].
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5.25

θ
-W and K-S OR, respectively. Histogram plotted

The major conclusions from the King and Bell papers with respect to crystallography [3-5] can
be summarized as:
The precipitate matrix O.R is not a unique one, in agreement with Young[1,2] but varies over a
range of values between the N-W and K-S OR [3-5]. The Widmanstatten ferrite precipitates and
their hab

5°

{

} γ[3 4].

At this juncture, it is appropriate to compare the findings of King and Bell [3-5] with those of
Young [1,2] . Both the identity of the habit plane ( {111}γ ll {110}α ) and the spread in O.R
between K-S and N-W argue strongly that iron-nickel meteorites and iron-carbon steels share
many commonalities, one that may be used to model the general behavior of one material, in
terms of the other. This would appear to be the case even though terrestrial steels have
thermal histories that are markedly different from their extra-terrestrial meteoritic
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counterparts; cooling of steels spans hours or days whereas those of meteorites spans millions
of years. We will return to the commonality between steels and meteorites in Chapter 4.
3.2.3 The Crystallography of Primary Widmanstatten Ferrite: The Cape York Meteorite
In chapter 1, Fig 1.2 a montage of a fragment of the Cape York meteorite was presented. The
microstructure consists of two (apparent) families of primary Widmanstatten ferrite plates
(running from N-W to S-E and from N-E to S-W) which have encapsulated pools of austenite
which have later transformed to plessite; these latter pools are labeled A-E and are the focus of
the investigation of this chapter. Definitions of various microstructural features present in the
Cape York meteorite were provided in section 1.4 of Chapter 1 of this thesis.
If we return to the primary Widmanstatten ferrite, two apparent morphological variants are
observed and these are mutually orthogonal ( the total number of morphological variants is
given by the number of planes, in this case for {111} we have four planes hence four
morphological variants) .Since the trace directions with which the ferrite plates intersect the
specimen are given by the cross products of the four {111}γ planes with the specimen surface,
the observation of two trace directions only, unambiguously fixes the surface orientation as
[001].
This is explained better using a stereogram shown in Fig 3.5.In addition, the two surface trace
directions are fixed as [

0]

[110] . These trace directions have been added to Fig 3.4

which is a montage of the Cape York meteorite after removal of 300 µm depth of material via
polishing; with respect to Fig 1.2; the plessite pools referred to in Fig 1.2, Chapter 1 are also
identified on Fig 3.4.
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As can be seen from the stereogram, Fig 3.5, there are 4 morphological variants. They will be
indexed as variants 1-4 throughout the remained of this thesis.
Variant 1: Lies on (111) , therefore the trace direction given by [1 ̅ 0]
Variant 2: Lies on (1 ̅ 1), therefore the trace direction given by [110]
Variant 3: Lies on ( ̅ ̅ 1), therefor the trace direction given by [ ̅ 10]
Variant 4: Lies on ( ̅ 11), therefore the trace direction is given by [ ̅ ̅ 0]
From the montages and two dimensional optical micrographs only two (apparent)
morphological variants are visible. From the three dimensional reconstruction of the plessite
pools A-E (labeled in Fig 1.2 in Chapter 1)we will establish the existence of all four
morphological variants in section 3.3. Figs 3.6-3.10 are images of the individual plessite pools AE and each pool is introduced individually in the section 3.3.
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B

I

I
C
I
D

I
A

[110]
[ 10]

Fig 3.4: Montage of the Cape York meteorite after removal of 300 µm depth during repeated (serial) sectioning
with respect to the surface shown in Fig 1.2. Plessite pools A-D, were labeled with ref to Fig 1.2.It should be noted
that plessite pool E has been completely polished out .A large number of inclusions are present in this montage
“I” in the montage. The role of inclusions in the
formation of ferrite in steels and meteorites will be discussed in chapter 4 of this thesis. Higher magnification
images of the plessite pools are provided in Fig 3.6-3.10. It should be noted that, in general, the inclusions are at
the boundaries of two impinged primary ferrite plates.
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Fig 3.5 Stereogram(left) depicting the various {111} planes and their trace directions(Right). Trace directions are
obtained by taking the cross product of a plane with the surface normal, in this case (001). Schematic diagram of
Widmanstatten ferrite plates along trace directions [1 ̅ 0] and [110] .
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3.3. AN INTRODUCTION TO THE PLESSITE POOLS STUDIED

SF

M

Plate 1
Plate 2
SWF

(a)

I

N

[110]

Plate 2

[

0]

(b)
Fig 3.6: Magnified optical micrographs of plessite pool A (a) initial section (b) after removal of material of around
300 µ

.
“SWF”

A
W

“M “

.

F 3.4.
) “SF”
) “I” denotes an

“ ”
.
plessite pools (B-E) used in this section, has microhardness indents as fiducial marks, the relevance of which has
been explained in Chapter 2.
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From Figs 3.6 (a)

)

”

A
SF . “S

”

“

’

unlike the primary and secondary Widmanstatten ferrite. According to Young [1,2], and
C

4 SF

’

unlike the Widmanstatten ferrite. As one polishes up to a depth of around 300 µm, it can be
SF

“I “

sible as shown in Fig 3.6 (b).From

the 2-D images it is not confirmed that the swathing ferrite is completely polished out, hence to
prove it three dimensional (3-D) reconstruction of the ferrite present in pool A was done. This is
presented in section 3.4, where the author of this thesis proves unambiguously that the
swathing ferrite is completely polished out. It is quite possible that the inclusion plays an
important role in nucleating the swathing ferrite. A detailed discussion on the role of inclusions
in formation of ferrite in meteorites and steels will be deferred to Chapter 4 of this thesis. The
W

“SWF” . T

products observed in meteorites has already been discussed in Section 1.4 of Chapter 1. One
can notice that a large number of secondary Widmanstatten ferrite plates have been polished
out as we section through the material. As an example, comparing the two images 3.6 (a) and
(b) it is very clear that plate 1 has been completely polished out. In addition to secondary
Widmanstatten ferrite plates and swathing ferrite, a dark -etching region is observed in the
plessite pool. This dark-etching region is termed as black plessite; this term was coined by
Buchwald [7]. Black plessite consists of tempered lath martensite and is termed as black
plessite since it appears black in a light micrograph; its microstructure is unresolvable [7]
Martensite found in the black plessite is harder than primary and secondary Widmanstatten
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f

. E

V

’

-hardness testing confirm this fact. This

will be discussed in Section 3.5 of this Chapter. Neumann bands (denoted by N in Fig 3.6 (b))
were observed. They have been defined in section 1.4 of chapter 1. Plate 2, presents an
interesting feature. As we polish through the material it becomes clearer, plate 2 consists of
two impinged ferrite plates. Discussion on impingement of ferrite plates via 2-D and 3-D images
is presented in section 3.4 of this chapter. In section 3.5 the effect of impingement on the
thickening and lengthening processes is discussed. The labeling of the plessite pools and the
associated abbreviations remain constant throughout the thesis.

Plate X

BW

BW
M
SWF

(a)

(b)

[110]
[1 ̅ 0]

Fig 3.7: Optical micrographs of plessite pool B (a) Initial section (b) after removal of material of around 300 µm
depth of material by polishing. It should be noted that plessite pool B in this figure has the same orientation as in
F 3.4.”BW”
“
“
.P
X
’
{
}γ
planes like the rest of the ferrite plates.

Plessite pool B presents an interesting case .Apart from the usual secondary Widmanstatten
ferrite and martensite; in pool B a “

”

.L
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will be argued that this interlocked structure arises from complex hard impingement events
between secondary Widmanstatten ferrite plates.
Plate X shown in Fig 3.7 (a) is an interesting featu

’

{

} γ planes like

the rest of the ferrite plates. In section 3.3, the 3-D reconstruction of plate X is presented and
similar findings from literature where ferrite plates were found not to lie on {111} plane are
discussed.
T

“

”

steels. An example of acicular ferrite in steels is provided in Fig 3.8.
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Fig 3.8 Acicular ferrite observed in a steel sample. The criss -cross pattern of ferrite (light gray) is termed acicular
ferrite. Note the similarities in terms of appearance of a complex network of ferrite, between acicular ferrite in
“
”
B
3.7).
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”

BW.

S

3.4

reconstructed three dimensionally and studied. It should be noted from the Fig 3.7 (b) that the
plessite pool has moved relative to the microhardness indents during repeated sectioning. In
addition; the plessite pool has increased in apparent size. This is because the secondary ferrite
plates are not parallel to each other contrary to what the 2-D images suggest. This was
confirmed using 3-D reconstructions of the ferrite plates, presented in section 3.3. Based on
this information we can argue that plessite pool B must be bound by all four {111} variants.
Additionally as we polish through certain plates which were not visible initially, come to
surface, hence an apparent increase in the size of the pool (comparing 3.7 (a) and (b)) is
observed.
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(a)

(b)

[
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Fig 3.9: Magnified optical micrograph of plessite pool C (a) initial section (b) after removal of material of around
300 µm depth. It should be noted that plessite pool C in this figure has the same orientation as in Fig 3.4.Inclusions
“I”
). A
)
“ ”
not visible. Comparing (a) and (b) one can say secondary Widmanstatten ferrite plates (SWF) are not polished out
during sectioning.

In plessite pool C, as the pool is polished down to a depth of 300 µm several inclusions are
observed, Fig 3.9 (b). The inclusions seem to be at the boundary between two impinged
primary plates. One can also notice some Neumann bands as the material was polished
through. This highlights the importance of serial sectioning as microstructural features which
are initially not visible are revealed as we polish through the sample.
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Fig 3.10: Magnified optical micrograph of plessite pool D (a) Initial section (b) after removal 300 µm .Plessite pool
D in this figure has the same orientation as in Fig 3.4. Interfaces of the plessite pool are marked as 1-4. In (b) it
should be noted 1 and 2 move towards each other whereas 3 and 4 remain constant with respect to each other.

Plessite pool D seems to change drastically in terms of shape and position relative to the
microhardness indents as it is polished down. Many of the plates are polished out and the pool
appears to shrink suggesting that with a few more polishing cycles it will be completely polished
out from the meteorite. Plessite pool D is of particular importance as will be seen in Section 3.4,
since it helps us to identify the fourth morphological variant of secondary ferrite. As can be
seen from Fig 3.10 , the interfaces 1 and 2 are moving towards each other .This means that the
primary ferrite is on two different {111} planes. The fact that interfaces 3 and 4 move in the
same sense means that they lie on the same {111} plane.

I

F

4

1

4
1
2

3

3

I

(a)

2

(b)

[110]
[

0]

Fig 3.11: Magnified optical micrograph of plessite pool E (a) before removal of material of 300 µm depth (b) just
before it is polished out. . It should be noted that plessite pool E in this figure has the same orientation as in Fig
3.4.
)
“I”
.H
ot in contact with the plessite pool.
Plessite boundaries 1 and 2 move towards each other whereas 3 and 4 remain constant with respect to each other.
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Comparing (a) and (b),one can notice an additional feature F, which appears to be a plessite pool consisting of
black plessite

Plessite pool E is the only plessite pool which gets completely polished out before the entire
depth of material (300 µm) is removed. . As can be seen from Fig 3.11 , the interfaces 1 and 2
are moving towards each other .This means that the primary ferrite is on two different {111}
planes. The fact that interfaces 3 and 4 move in the same sense means that they lie on the
same {111} plane. As we polish through the material, an additional plessite pool ( (Fig 3.11 (b))
is revealed in the vicinity of pool E. It appears pool F consists primarily of black plessite.

3.4 THREE DIMENSIONAL RECONSTRUCTIONS
3.4.1 Introduction

The three dimensional reconstructions (3-D) of the secondary Widmanstatten ferrite plates are
of prime importance and serve as the backbone of this thesis. .In section 3.2.3 it was reasoned
that there are four morphological variants, however only two of the four morphological
variants are visible in 2-D images. 3-D reconstructions enable us to identify all four
morphological variants .Another important objective that the 3-D reconstructions help us to
understand the microstructural development of the secondary Widmanstatten ferrite plates in
a plessite pool. Studying secondary Widmanstatten ferrite and in particular, showing that they
(the ferrite plates) are equivalent to the much larger primary Widmanstatten ferrite plates also
permits us to extrapolate data from smaller, and more discrete, secondary Widmanstatten
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precipitates to the Widmanstatten pattern as a whole. Hence, we may apply trends that are
observed for the smaller precipitates and apply them to the entire ensemble. Prior to discussing
the secondary Widmanstatten ferrite in individual pools it is essential to discuss the
morphology of single secondary Widmanstatten precipitate and the fact that 3-D
reconstructions unambiguously establishes the plate like shape of secondary Widmanstatten
ferrite.
3.4.2 Morphology of a Secondary Widmanstatten Ferrite Plate
In his thesis, DeFrain Jr [8] had speculated on the morphology of two dimensional images of
j

“

”

plate like in three dimensions [8]. He assumed that secondary Widmanstatten ferrite is indeed
plate like rather than spindles or needles and used SEM images that show the secondary ferrite
plates were consistent with the plate like morphology. Using, Fig 3.12(a), he argued that if
Widmanstatten ferrite plates were needle or spindle like then the two dimensional sections
would not yield a needle like morphology but rather a more equiaxed morphology.
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Fig 3.12 : Schematic diagram of two-dimensional images of three-dimensional objects.(a) Images of a rod like
)A“

”

three dimensions [4].

However using serial sectioning followed by three dimensional reconstructions it can
definitively confirmed that secondary Widmanstatten ferrite represents a plate rather than a
needle. Fig 3.13 and 3.14 are screen captures of three dimensional reconstructions of single
secondary Widmanstatten plates from plessite pools C and A respectively.
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(a)

(b)
Fig 3.13: 2-D screen captures of a 3-D reconstruction of a secondary Widmanstatten ferrite precipitate in pool C
confirming the fact that ferrite is a plate than a needle (a) represents the normal view and (b) represents the
transverse view. The truncation of the plate (b) is an artifact of the process, representing the original sectioning
and final sectioning plates.. Note that in (a) the 2-D morphology could be described as a needle or spindle-like
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(a)

(b)
Fig 3.14: 2-D screen captures of a 3-D reconstruction of a secondary Widmanstatten ferrite precipitate in pool A
confirming a plate like morphology rather than a needle like morphology (a) represents the normal view and (b)
represents the transverse view

92

From Figs 3.13 and 3.14, we may conclude that the secondary Widmanstatten plates are indeed
plate-like; the observation of a plate-like morphology was virtually ubiquitous.
3.4.3 Microstructural Development During Growth
3.4.3.1 Hard and Soft Impingement
Prior to the discussion on the 3-D reconstructions of secondary Widmanstatten ferrite, one
needs to analyze the microstructural development by analyzing the nucleation and growth of
Widmanstatten ferrite plates. While the discussion on the nucleation of Widmanstatten ferrite
is deferred to Chapter 4 of this thesis, in this sub-section and in section 3.5 we shall cover the
growth of Widmanstatten ferrite plates. During the process of growth of a Widmanstatten
“

”

“

”. T

often hindered by the fact that broad faces of the plates are intrinsically immobile. The
mechanism of growth then occurs via ledge mechanism. The ledge mechanism was first
formulated by Aranson [9]. A schematic diagram of ledge mechanism responsible for thickening
of plate shaped precipitates is presented in Fig 3.15
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Fig 3.15 : Schematic diagram of ledge mechanism responsible for thickening. The thickening occurs by motion of
ledges parallel to the face of the plate shaped precipitate. Whether thickening of Widmanstatten ferrite plates
occur by diffusion control will be discussed in section 3.5

The thickening and lengthening process of a Widmanstatten ferrite plate can be affected by the
process of impingement. Impingement is classified into two types 1. Hard impingement 2. Soft
. “T

“

as soft impingement [10]. Andres et al [11] observed the phenomenon of soft impingement
during the modeling of the growth of grain boundary ferrite allotriomorphs. They noticed that
during the growth of grain boundary allotriomorphs, carbon diffusion fields from different
allotriomorphs tend to overlap resulting in soft impingement between the allotriomorphs [11].
H

L

[ 0]

“

”

when particles physically impinge on each other. Based on the observations on Widmanstatten
ferrite hard impingement can lead to either cessation of growth or the continuation beyond the
point of impingement between two different plates.
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Doherty and Rajab define an X intersection as an intersection (hard impingement) which is
formed when two precipitates on different {111} planes grow through each other [12]. On the
contrary a T intersection (also created by hard impingement) is formed when the lengthening of
a precipitate is terminated by hard contact [12]. The classification of Doherty and Rajab [12]
resulted from the hard impingement processes which they observed. Based on our current
observations we can classify hard impingement into 3 categories
1. Face on Face impingement of two ferrite plates, resulting in the termination of the
thickening process (Fig 3.16 b).
2. Edge on Face impingement (Fig 3.16 a) between two ferrite plates resulting in the
termination of the lengthening process of one of the plates, the other plate can
however continue to grow. This is akin to what Doherty and Rajab [12] define as a T
intersection
3. Edge on edge impingement( Fig 3.16 c and d) between two ferrite plates resulting in the
growth of the ferrite plates beyond the point of impact. This is akin to what Doherty and
Rajab[12] term as an X intersection.
Reference to Fig 3.16 (c) shows that edge on edge impingement need not lead to the
cessation of plate lengthening; plate B is seen to be lengthening past the original
impingement site. Fig 3.16 (d) shows the more complex situation that occurs when both
plates (A and B) grew past each other ; in the case of the original impingement interface is
labeled as PQRS
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Fig 3.16 : Various examples of hard impingement observed in Widmanstatten ferrite, in the cape York
meteorite (a) edge on face impingement, lengthening of plate A is terminated, plate B can continue to
lengthen (b) face on face impingement. The thickening process of both plates A and B is terminated in one
direction (c) Edge on edge impingement. Plates A and B can continue to lengthen beyond their point of impact
(d) illustrates the lengthening of plates A and B(ref c) beyond the point of impact.

Based on fig 3.16 and keeping in mind the classification of different types of hard
impingement, some optical micrographs and 3-D reconstructions will be provided to show
the type of hard impingement between the secondary Widmanstatten ferrite plates present
in a plessite pool.
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3.4.3.2 Case study: Hard Impingement in Plessite Pool A
Plessite pool A presents an interesting case study in terms of the fact that all three forms of
hard impingement i.e. face on face, edge on face and edge on edge is observed. Optical
micrographs of plessite pool A have been shown in Fig 3.6. In fig 3.17, further images of
pool A are presented; which illustrates the examples of all three hard impingement types .

Plate 4

Plate 5

Plate 6

Plate 1
A1

Plate 2

(a)
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(d)
Fig 3.17 (a)-(d)Images of plessite pool A, Plate 1 impinges upon plate 2 by edge on edge impingement and
“A ” . P
45
6
other in a face on face impingement. However they impinge upon plate 2 in an edge on face manner. A depth
of 160 µm has been removed between (a) and (b). It should be noted that in (d) plate 4 is almost polished out.

Plate 1 , which is comprised of two face to face impinged plates, intersects plate 2 at
junction A1 and continues to grow beyond the point of impact emerging on the opposite
face of plate 1, hence denoting edge on edge impingement. In comparison the growth of
plates 4,5 and 6 are terminated on the point of impact with plate 2 hence representation of
edge on face impingement. Plates 4,5 and 6 have developed ferrite/ ferrite grain boundaries
with plate 2 which could signal the termination of their growth. Fig 3.18 (a) and (b) are
screen captures of the 3-D reconstructions of SWF present in pool A and illustrate the
growth of plate 1 beyond the point of impact with plate 2 and the termination of growth of
plates 4 ,5 and 6. Details on the 3-D reconstructions of the entire SWF present in pool A is
provided in section 3.4.4 and fig 3.19

Plate 4

Plate 5

Plate 6
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Plate 1

Plate 2

A1

B1

(a)
B2
B3

Plate 1
Plate 2

Fig 3.18 (a)At junctions B1,B2 and B3 between plates 4,5 and 6 respectively and plate 2,α/α grain
boundaries(GB) are observed indicating termination of growth. (b) shows the continued growth of plate 1,
beyond the point of impact (junction A1) with plate 2(a) represents normal view (b) represents transverse
view, more details provided in Fig 3.19.
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3.4.4 Three Dimensional Reconstructions Based on Plessite Pools A-D
The five main plessite pools studied in this thesis A-E were introduced in section 3.3 of this
thesis. In this sub-section the three dimensional images of the secondary ferrite plates
found in each of the plessite pools(A-D) will be presented. Special attention will be rendered
to pools A and D as the 3-D images of this pool facilitate the identification of the four
morphological variants of ferrite. This is something that can be achieved only using three
dimensional reconstructions as it is neither obvious nor evident from single 2-D light
micrographs.
3.4.4.1 Pool A
The optical micrograph of Pool A is presented in Fig 3.6. The secondary Widmanstatten
ferrite plates present in pool A were reconstructed. Using the stereogram and 2-D images
the four morphological variants were labeled in section 3.2.3. The 3-D reconstructions
enable us to determine the 3rd and 4th morphological variants as shown in Fig 3.24. It should
be noted from Fig 3.19 that secondary Widmanstatten ferrite plates appear plate or lath like
rather than acicular. This is in agreement with our discussions in 3.4.2.
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Normal

Transverse

Oblique

Variant 1

Variant 1

Variant 2

Variant 3

Variant 2

(a)

(b)

Variant 1

Variant 2

Variant 3

(c)
Fig 3.19 : 3-D reconstruction of SWF present in pool A (a) (b) and (c) represents the oblique ,normal and
transverse views respectively as shown . Three morphological variants of SWF are identified based on 3-D
reconstructions. It should be noted that variant 3 appears to be segmented. This is an artifact of the reconstruction
process, because the SWF plate represented by variant 3is a single continuous plate.
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It should be noted from Fig 3.19, that in plessite pool A number of secondary Widmanstatten
ferrite plates lie on the same austenite plane [ in this case the (111) plane]. This is attributed to
the phenomenon of autocatalytic nucleation. Autocatalytic nucleation was defined by Perovic
[ 3]

”

z
“.

Perovic et al [13] quote the work of researchers who observed the phenomenon in the case of
diffusional transformation such as the precipitation of the θ’

A -Cu alloys. In the latter

case it was observed that successive new plates were precipitated in the diffusion and stress
fields of existing ones [13]. One may hypothesize, that following the formation of one SWF
plate, successive new plates are autocatalyticaly formed in the stress and diffusion fields of the
existing ones.

3.4.4. 2 Pool B
Plessite pool B presents a very interesting case study because unlike other pools it has a basket
weave structure which is considered to be a network of interlocked secondary Widmanstatten
ferrite plates which have hard impinged upon each other. Fig 3.20 represents the 3-D
reconstruction of the secondary ferrite plates which are present in the plessite pool but not a
part of the basket weave structure.
P

“X”

F 3.20

{

}

secondary ferrites; rather ,it lies on the {001} austenite plane. Such occasional deviations of
Widmanstatten ferrite plates not lying on the {111} austenite plane have been observed in rare
cases such as in the Bethany and the La Porte Meteorite [14,15]. Optical micrographs of
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B

“X” has been shown in Fig 3.7. It was observed from the 3 D

3.2

“

”

obvious after some material is removed. This once again highlights the importance of 3-D
reconstruction following serial sectioning as a number of features which are not visible initially
become visible at a later stage.

Plate X
Plate X

(a)

(b)

Plate X

(c)
Fig 3.20 : 3-D reconstruction of SWF present in plessite pool B. The Basket weave described in the plessite pool
has been ignored in the current set of reconstruction and will be presented separately. It should be noted that
“X”
{
}
enite plane; rather it lies on the {001} austenite plane. (a) represents the
oblique view (b) normal view and (c) transverse view
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(a)

(b)

Fig 3.21: 3-D reconstruction of plate X not lying on the {111} austenite plane, but rather the {001} plane. As can
be seen from the 3-D reconstruction there are two such plates instead of one, which is not clear from the 2-D
images. (a) represents the transverse view and (b) the normal view.

3.4.4.3 Pool C
Optical micrographs of plessite pool C have been shown in Fig 3.9. From the 3-D
reconstructions of the SWF present in plessite pool C, fig 3.22, no additional morphological
variants were found, only variants 1 and 2 are present. It should be noted that one of the plates
of plessite pool C was individually reconstructed, fig 3.13, to highlight the plate-like morphology
of secondary Widmanstatten ferrite plates.
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(a)

(b)

(c)
Fig 3.22: 3 D reconstruction of SWF present in pool C. From these set of reconstructions one can see only two
morphological variants, variants 1 and 2 as were evident from the optical micrographs. No other morphological
variant was present (a) normal (b) oblique and (c) are transverse views.

3.4.4.4 Plessite Pool D
Pool D is very important as it allows us to identify the fourth morphological variant , variant 2
(ref section 3.2.3), which was not present in the other pools. Optical micrographs of plessite
pool D are shown in Fig 3.10 . In fig 3.23 the 3-D reconstructions of the SWF present in plessite
pool D are presented following which in fig 3.24 plessite pools A and D are lined up next to each
other , in the same orientation, thus enabling us to identify all four morphological variants.
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(a)

(b)

(c)
Fig 3.23 3 D reconstruction of pool D. (a) represents transverse view (b) represents oblique view and (c)
represents normal view. The reconstructions of the ferrite plates appear to be truncated or discontinuous, which is
nothing but an artifact of the reconstruction process. Each individual ferrite plate is continuous. (a) will be
compared with fig 3.19 (c) to identify all four morphological variants as presented in fig 3.24.
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(a)

Variant 1

(b)

Variant 2
Variant 2
Variant 1

[1 10]

[1 ̅ 0]

108

Variant 3

Variant 4

(c)

Fig 3.24 (a) Arrangement of the optical micrographs of plessite pools A and D in the same orientation (b)
arrangement of the screen captures of the 3-D reconstructions of the SWF in pools A and D in the same orientation
as the optical micrographs, hence enabling us to identify variants 1 and 2. (c) transverse view of the screen
captures of 3-D reconstructions of SWF in pools A and D respectively, enabling us to identify variants 3 and 4.

Fig 3.24 is extremely important since this is the first time all four morphological variants of
secondary Widmanstatten ferrite have been unambiguously identified.
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3.4.5 Basket Weave Structure : Case Study of Plessite Pool B
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fig 3.28). Some of the plates of pool B have been numerically labeled.

A

B

Fig 3.25 is an optical micrograph of plessite pool B which contains two basket weave regions/
(labeled A and B). Fig 3.26 a-d and Fig 3.27 a-d are images from the serial sectioning of regions
A and B respectively, whilst Figure 3.28 a,b are qualitative reconstructions of parts of the basket
weave shown in Fig 3.26 a-d and fig 3.27 a-d respectively. Both reconstructions were assembled
from a series of about twelve images, taken over a depth of approximately 250 μm. The
“

”

images of figs 3.26 and 3.27 and the reconstructions of fig 3.28.In addition, several
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Widmanstatten plates included in Fig 3.28 are not present in all images of the serial section. For
example plates 45 and 46 (fig 3.28a) are not present in Fig 3.26 a,b. However the spatial
relationship between the various Widmanstatten plates on fig 3.28 should be correct and the
approximate size, shape and location of each features in the reconstructions on fig 3.28 have
been determined from a close examination of the twelve images alluded to above.
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(d)
Fig 3.26 (a)-(d) Magnified images of basket weave region A shown in Fig 3.25. .Some plates have been labeled ,
which were used for qualitative reconstruction shown in Fig 3.28 (a) About 250 µm has been polished between (a)
and (d).
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(d)

Fig 3.27 (a)- (d) Magnified images of basket weave region B shown in Fig 3.25. Some plates are labeled which
were used for qualitative reconstruction as shown in Fig 3.28 b .About 200 µm has been polished between (a) and
(d).

116

Fig 3.28 (a) Qualitative reconstruction of basket weave area A (b) and area B shown in Fig 3.25. Note that
additional plates which have not been labeled in Fig 3.25 were traced through a series of 12 images each (spanning
over a depth of approximately 250 μm) and reconstructed.
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What is immediately apparent from Figure 3.28, but not necessarily evident for any single
3.26

3.27

“

”

comprised almost exclusively of the two apparent morphological variants of secondary
Widmanstatten ferrite that are present in all plessite pools examined in the current study. The
only exceptions to this general observations are precipitates 34 and 35 of Fig 3.28 b and
precipitate 47 of fig 3.28 a which would appear to be idiomorphic rather than Widmanstatten in
character. In addition, precipitates 30 and 33 are tesseral and not octahedral, i.e. they lie on the
{001} austenite plane.
There are many instances of various kinds of hard impingement within the basket weave
microstructure and these impingement processes lead to the complex imaging behavior
exhibited in the optical images. The complexity of the microstructure also mandates the use of
serial sectioning in order to qualitatively reconstruct the microstructure and renders an
accurate three dimensional reconstruction almost impossible. The following are selected
examples of hard impingement effects, some only apparent on isolated images and thus are not
real ; others can be traced through multiple images and are bona fide. An example, reference to
Figure 3.27 a shows that Widmanstatten plates 17 and 18 appear to have impinged face on
face. However, examination of Figures 3.27 b, 3.27 c and 3.27 d (and see Figure 3.28 b) shows
that the two plates are separated by a film of retained austenite. The same is true for plates 10
and 11; in some images they may appear to have face-on-face impinged but in reality are
separated by retained austenite (figure 3.28b) . Plate 18 (figure 3.28b) has edge on face
impinged with plate 27, at least over part of its length (e.g., compare fig 3.27 a and fig 3.27 d).
Plate 36 is seen to be edge- on -face impinged on plate17 (figure 3.27a and 3.28 b) .
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What appears at first sight to be two different Widmanstatten plates (17 a and 17 b on Fig 3.27
a and 3.28 b) would appear to be continuous with each other, or evidenced by the various
images and are shown as a single plate on Fig 3.28 b. Numerous examples of edge-on-face
impingement are associated with plate 17, e.g., see plates 27, 28 and 29.
There are only two possible forms of edge-on-edge impingement and the first of these would
related to the impingement between 10 and 37 with plate 38 (Figure 3.28 b). If indeed plates 10
and 37 are one and the same, then this plate must have edge-on-edge impinged on plate 38.
The second example relates to pool A and concerns plates 6 and 23 which may have edge on
edge impinged on plate 24.
If we now consider the mechanism through which the basket weave microstructure develops, it
should be appreciated that in the body of plessite pool B only one morphological variant of
Widmanstatten ferrite was present whereas in the basket weave microstructure at least two
morphological variants are evident. It should also be noted that the basket-weave
microstructure develops in the relatively high nickel peripheries of the pool and must therefore
form at lower temperatures relative to low nickel plessite interiors. In section 3.4.4.1 we
invoked the concept of autocatalytic nucleation to explain the predominance of a single
morphological variant. In order to explain the basket weave, we will invoke the concept of
sympathetic nucleation where sympathetic nucleation involves the formation of a
Widmanstatten ferrite plate on the interface of a pre- existing ferrite precipitate. Hence we
could speculate that precipitates 31 and 32/ figure 3.28 b formed by sympathetic nucleation on

119

plate 39. The observation of four Widmanstatten plates in association with plate 40 may also be
an example of sympathetic nucleation.
3.5 DIMENSIONAL DATA ANALYSIS
3.5.1 Introduction
In section 3.4, three dimensional reconstructions of secondary Widmanstatten ferrite plates
established its plate like morphology unambiguously. In this section further discussion on the
morphology of Widmanstatten ferrite, from the point of view of dimensional data analysis, is
presented. It must be noted that the current study is unique in the fact that it is the first to
examine the morphology of Widmanstatten ferrite in Fe-Ni meteorites using three dimensional
reconstructions and dimensional data analysis. In section 3.4.3 the microstructural
development of secondary Widmanstatten ferrite in plessite pools was discussed with a focus
on hard impingement between the plates. In this section we will relate the dimensional data
analysis to the microstructural development and try to establish a link between them.
3.5.2 Morphology of Widmanstatten Ferrite Plates: Dimensional Data Analysis
Data analysis of the three dimensions of secondary Widmanstatten ferrite observed in the Cape
York meteorite provides conclusive evidence of its morphology and complements the
observations made in section 3.4. It is also worthwhile to compare the obtained results with
those of Kral and Spanos[16,17] , who discussed the morphology of proeuctectoid cementite .
The latter authors used serial sectioning combined with computer aided visualization to reveal
the three dimensional morphology of proeutectoid cementite precipitates in a low carbon steel.
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Their studies helped to resolve the various ambiguities associated with two dimensional
studies. They observed dendritic grain boundary precipitates and Widmanstatten precipitates
’

agranular precipitates [17]. Three dimensional

reconstructions enabled them to quantitatively measure and analyze proeutectoid cementite
precipitates for the first time ever and make more accurate predictions of the morphology of
the proeutectoid cementite than it was possible using classical two dimensional image analyses
[17]. The authors augmented their results with both SEM (scanning electron microscope) and
TEM (transmission electron microscope) images [16,17].

.
Fig 3.29 A schematic representation of (a) a plate and (b) a lath. It must be noted that the plate has nearly the
same length as its width (i.e. l=w>>t) and a lath has considerably greater length to its width (i.e. l>w>t). The length
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Kral and Spanos[16] defined a plate as a three dimensional object having a very thin dimension
(represented by thickness) where the length is nearly the same as its width. In contrast a lath
(which also has a very thin dimension represented by its thickness) has a much greater length
when compared to its width. T
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For the purpose of dimensional data analysis we will use the same dimensions indicated in Fig
3.29
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plate is obtained by the total depth of the plate .The calculation for the total depth has already been shown in
Chapter 2, Experimental techniques.

In section 3.2.3 we determined that the Widmanstatten ferrite planes were formed on the
{111} planes. However the surface normal is given by [001] and under the light microscope we
are looking normal to the surface, hen
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Thus we calculate the true thickness of the plates as indicated in Fig 3.31. It should be noted
tha

.

“

”

[110] or [1 ̅ 0].

Fig 3.31 : Measurement of true thickness(t) and true width (w), from measured thickness t meas and measured
with wmeas respectively. θ is the angle between [111] and [001] as indicated in the figure and has a value of 54.7°.

With respect to Fig 3.29 the aspect ratio is defined as the ratio between the longest dimension
“”

)

“”

s indicated in the Fig 3.29 and

Fig 3.31( Thickness/ length ratio is the inverse aspect ratio) .Another important ratio that is
measured and used for dimensional data analysis is the length/width ratio which maybe termed
as eccentricity. At this point it is also important to introduce the concept of maximum and
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initial length. When we examine the first section in a sequence of serial sections, the length of
the ferrite plates measured in that particular surface is termed initial length or l int . T

“”

indicated in Fig 3.30 is the initial length . This maybe appreciated by considering the interaction
between the first sectioning plane and the (presumed) circular plate. If the sectioning plane
intersects the plate between the limits of w=+r and 0 ( Fig 3.32 a), then lint is less than lmax which
will be equal to 2r, However during serial sectioning , the true diameter (l max =2r) will be
attained at a certain polishing depth ( see Fig 3.32 b). On the other hand , if the sectioning plane
intersects the plate between the limits w=0 and –r, then the initial length will also be the
maximum length, but will be less than the true length of 2r.

Fig 3.32 : Definition of initial length (lint) and maximum length( lmax). (a)A circular plate, lmax and w indicated
(b)Initi
measured width .

)

.“ ”

Reference to e.g.; Fig 3.30 shows that, in two dimensions, a secondary Widmanstatten plate
approximates two abutting spherical caps. Our data on the three dimensional morphology of
the Widmanstatten ferrite (Fig 3.13 and Fig 3.14) reveals an approximately equiaxed plate-like
shape but with no evidence of faceting of the plate edges, i.e., the plate shape resembles that
shown in fig 3.29 (a). In order to substantiate this observation, the outline of a secondary
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Widmanstatten plate, defined by the locus of endpoints of the long dimension in e.g. Fig 3.30
were plotted as a function of depth removed by polishing. The results are shown in Fig 3.33;
the outline of the plate reveals an approximately elliptical plate shape with a relatively small
eccentricity. Further, the data was extrapolated to obtain the shape of the entire plate ,
assuming lint = lmax ( see Fig 3.32 (c)). A roughly elliptical shaped plate, with low eccentricity, was
revealed .We will continue to discuss the eccentricity of the secondary Widmanstatten plates
by first presenting the data of Kral and Spanos[16,17].
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Fig 3.33: (a) Outline of a secondary Widmanstatten plate; defined by the endpoints of its measured length, in
two-dimensional images, plotted as a function of the depth removed during serial sectioning. (b) Outline of the
whole secondary Widmanstatten plate made by extrapolating data. Note that lint is assumed to be equal to
lmax(denoted by section AB, ref Fig 3.32(c)). An approximately elliptical shape with a low eccentricity is revealed

Based on their three- dimensional reconstructions the Kral and Spanos [16,17] measured the
length, width and thickness of the proeutectoid cementite precipitates. They then plotted a
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histogram of number of precipitates vs. the log (length/width) ratio. Their histogram is shown in
Fig 3.34

Number of precipitates

30
25
20
15
10
5
0

Log (Widmanstatten precipitate Length/Width)

Fig 3.34: Histogram illustrating the eccentricity of cementite plates. The plot represents a continuous distribution
of both plate like (eccentricity nearly 1) and lath like (eccentricity as high 15) morphologies [16]. Plotted using data
from [16].

As shown in Fig 3.34, Kral and Spanos observed a continuous distribution of both plate and lath
morphologies of proeutectoid cementite. However in our determination for the morphologies
of secondary Widmannstatten ferrite, the eccentricities were found to be two or less( Fig 3.35) .
Note that for Fig 3.35 , the length corresponds to the initial length , i.e., that measured on the
first sectioning plane, whilst the width refer to the total removed material. It should be
appreciated that the data shown in Fig 3.35 are subject to error in that, depending on the
relationship between the initial sectioning plane and the plate (see Fig 3.32), the measured
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maximum length can either be equal to, or less than the true maximum length. By way of
comparison, the measured width of the plate will always be less than the true width. In
addition, if we use linit

“

”

width which is greater than the length. In the following, we will calculate a theoretical
distribution for w/linit assuming a circular plate and a random sectioning plane.
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Fig 3.35: Histogram showing the frequency of w/l ratio plotted against w/l for secondary Widmanstatten ferrite
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h

r
O

Fig 3.36: A circular plate is sectioned when h<r.

” ”
“O” “ ”
the sectioned plane AB and the Center O. Thus the maximum measured length and width would be 2r and r+h.

Let us set r=1 unit and let , -r<h<+r and -1<h<1 , since there is equal probability of sectioning
the circular disc anywhere from –r<h<r, hence when h>-r we have , the measured length given
by 2(r2-h2)1/2 and width given by r+h.
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h
A

r
B

Fig 3.37: Sectioned plane AB when h>-r .
As seen from Fig 3.33, the measured length of section AB will be given by 2(r2-h2)1/2 and width
will be given by r-h.
The theoretical distribution of Fig 3.38 shows a distribution which is very similar to that shown
in the experimental distribution of Fig 3.35. Hence, we may conclude that the shape of the
secondary Widmanstatten plates does indeed approximate a circular plate with a low
eccentricity.
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Fig 3.38: Histogram showing the theoretical frequency of width/length ratio plotted against width/length for a
circular plate. Length in this figure indicates initial length. It should be noted the width is the measured width
indicated in Fig 3.36 and 3.37..
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3.5.3 Morphology of Widmanstatten Ferrite Plates: Discussion on Thickening
Kral and Spanos[16] determined the thickness of proeutectoid cementite precipitates from
three dimensional reconstructions and plotted them as a function of the precipitate length as
presented in Fig 3.36.
Kral and Spanos[16] found that the thickness of the Widmanstatten precipitates remained
constant with increasing precipitate length , as shown in Fig 3.39. Hence they suggested that
there might be a serious barrier to the thickening process assuming longer precipitates
nucleated first and grew for longer times.

Fig 3.39 Scatter plot of thickness vs precipitate length for proeutectoid cementite. It should be noted that
irrespective of the length the thickness remains constant [16,17].
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Thickness = 7.852 + 0.07006 Length
Regression
95% CI
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Fig 3.40: Thickness vs length of secondary Widmanstatten ferrite plates observed in the Cape York meteorite.
The aspect ratio can be obtained from the inverse of the slope of the regression line(denoted by the solid black
line), in this case 14.27. The correlation coefficient was calculated to be 0.82. A 95% Confidence Interval has been
shown in the graph(denoted by the red dashed lines). It should be noted that both thickness and length are in µm.
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Fig 3.41: Thickness/length inverse aspect ratio as a function of length, for all secondary Widmanstatten ferrite
plates. As mentioned in Section 3.5.2, the length represents the initial length and thickness the true thickness.

In the case of the Cape York meteorite as can be seen from Fig 3.40, the thickness increases
approximately linearly with increasing length. This is contrary to the observations of Kral and
Spanos[16]. We can conclude at this point that there seems to be no serious inhibition to the
thickening rates of ferrite plates. The inverse of the slope of the line gives the aspect ratio
which was calculated to be 14.27 and the correlation coefficient was determined to be 0.82.
It is relevant in this context to discuss the work of Aiken and Plichta[18] who examined the
effect of shape and size coarsening
P

’

z

Ƴ’
:

(i)

The average diameter tended to increase with aging times

(ii)

The average thickness also increased with aging time

(iii)

The average aspect ratio decreased with time

A -Ag alloy. Aichen and
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From the above three points the authors concluded that both shape and size coarsening
occurred concurrently [18]. Plate shaped precipitates can change in both diameter and
thickness; hence two distinct coarsening processes can occur. When fewer particles result with
an overall increase in size the process is termed as size coarsening [18]. If the aspect ratio of the
particles deviates from the equilibrium aspect ratio, a concentration gradient results between
the faces and the edge of the precipitate. As a result of this flux between interfaces particles
tend to form the equilibrium shape. This process is known as shape coarsening [18].
However it was also observed by Aiken and Plichta that the average thickness increased
because some thick precipitat

j

’

at all [18]. This is not observed in the case of the Cape York meteorite where the majority of the
secondary Widmanstatten ferrite plates have thickened as they have lengthened. Aichen and
Plichta[18] also attempted to assign particular thickness with particular diameters and the
extracted data showed a linear increase in average aspect ratio with thickness. This is in
contrast with the findings of the current investigations, of a constant aspect ratio Fig 3.41.
Hence , we may conclude that even if the ledge mechanism is responsible for the thickening of
secondary Widmanstatten precipitates in iron nickel meteorites it is quite likely that neither the
interledge spacing nor the ledge veloc

Ƴ’ A -Ag

precipitates observed by Aichen and Plichta .
;

A

P

’

[18], the data of the author of this thesis is related to growth of Widmanstatten ferrite
precipitates. Another important point to be kept in mind is that Aiken and Plichta measure
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average widths and average lengths. In this thesis all the widths and lengths that were
measured are individual rather than average values.
From the plot of thickness/length as a function of length, Fig 3.41, it must be noted that
thickness to length ratio remains approximately constant. This indicates that equilibrium shapes
are being maintained and diffusion controlled growth takes place. Aichen and Plichta on the
contrary noticed non equilibrium shaped precipitates which they explain on the basis of a low
ledge nucleation rate combined with rapid lengthening kinetics [18].
Between 500-600 µm one can observe a decrease in the inverse aspect ratio (thickness to
length ratio, Fig 3.41) with increasing length. These are mainly plates from plessite pool C, ref
Fig 3.9, out of which one was reconstructed, in Fig 3.13, to validate the point. An image of some
of the plates of plessite pool C is presented in Fig 3.42.
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Fig 3.42 Plates (1-4) with very high aspect ratio, resulting in low values of thickness/length shown in Fig 3.41.
The phenomenon of decrease in thickness/length ratio with increasing length has been
“

”

3.4.3. A

mentioned in section 3.4.3, thickening is inhibited by face on face impingement and
lengthening is inhibited by edge on face impingement.
The thickness as a function of the length of the primary Widmanstatten ferrite plates observed
in the Cape York meteorite was plotted as shown in Fig 3.43 ; the data in Fig 3.43, does not
show a similar trend to that of the thickness as a function of length plot for secondary
Widmanstatten ferrite plates (Fig 3.40). There is a very large scatter which may be due to the
effect of a combination of face on face, face on edge and edge on face impingement which
limits the growth morphology of Primary Widmanstatten ferrite as discussed in section 3.4.3
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For a better comparison of the combined data was plotted which will be discussed in Section
3.5.4
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Fig 3.43: Thickness of all Primary Widmanstatten ferrite plates as a function of its length. As mentioned in Section
3.5.2, the length represents the initial length and thickness the true thickness
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Fig 3.44: Thickness/length ratio as a function of plate length for all primary Widmanstatten ferrite plates. As
mentioned in Section 3.5.2, the length represents the initial length and thickness the true thickness

Fig 3.44 represents the thickness to length ratio as a function of the length of primary
Widmanstatten ferrite plates. It should be noted that contrary to the data plotted for
secondary Widmanstatten ferrite in Fig 3.41, the thickness to length ratio may indicate a
decrease with increasing length. The question to be asked here is then if these shapes are nonƳ’ A -Ag preipitates by Aichen and Plichta[18]. Even though
primary and secondary ferrite display similar morphologies and hence are likely to be growing
under diffusion control, the phenomenon of hard impingement in the case of primary ferrite
plates is more dominant and results in formation of non-equilibrium shapes.
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3.5.4 Combined primary and secondary ferrite plates
The data represented in Figs 3.40and 3.41 were combined, and plot a graph of log of the
thickness of all the plates, both primary and secondary as a function of the log of the length of
all ferrite plates was obtained. The logarithmic conversion was necessary in order to fit the data
for both primary and secondary on the same scale.
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Fig 3.45: Thickness as a function of length for all Widmanstatten ferrite plates (primary and secondary).Data
converted to logarithmic scale, in order to fit both primary and secondary plates. As can be seen from the data, the
slope of SWF ferrite plates is 1.079 and its intercept -1.88. The slope of PWF is 0.2517 and intercept is 2.258. As
mentioned in Section 3.5.2, the length represents the initial length and thickness the true thickness.

As can be seen from Fig 3.45 the trends between secondary and primary ferrite plates are not
similar. The slope of the data for SWF is 1, whereas the slope for PWF data is 0.3.This indicates
greater role of edge to face hard impingement in the case of primary ferrite plates thus
inhibiting the lengthening process. However, in the case of secondary ferrite plates the process
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of lengthening is not seriously inhibited. This is possibly because secondary ferrite plates have
greater instances of face on face and edge on edge hard impingement as discussed in section
3.4.3.
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3.6 HARDNESS
3.6.1 Introduction

In section 1.4.2 the hierarchy of various forms of ferrite observed in Fe-Ni meteorites, viz, the
primary Widmanstatten ferrite, secondary Widmanstatten ferrite and martensite were
introduced. In the past mechanistic distinctions (if applicable) between the various hierarchal
forms of ferrite were discussed, most recently by DeFrain [8] who is credited with the
nomenclature of the ferrite hierarchy used in this thesis. The main purpose of hardness testing
is to be able to experimentally differentiate between martensite, primary and secondary
Widmanstatten ferrite in the Cape York. Additionally this enables us to experimentally
differentiate between Type 1 or Acicular plessite, Type 2 or Black plessite and Type 3 cellular
plessite mentioned in Table 1.1
3.6.2 Vicker’s Microhardness Testing
V

’

PWF SWF

martensite. Images of the regions examined are shown in Figs 3.46-3.48.
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Fig 3.46: Vickers microhardness testing indents as can be seen on a heavily tempered martensite microstructure
[19]. The highly tempered martensitic structure suggests this is a pool of Type 3 or cellular plessite consisting of
tempered lath martensite.(e.g ; see Table 1.1)

(a)
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(b)

Fig 3.47: (a) and (b) Vickers Hardness testing indents as seen on a primary Widmanstätten ferrite plate [19].

Fig 3.48: Vickers Hardness testing indents as seen on a secondary Widmanstätten ferrite plate [19].
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3.6.3 Data analysis
3.6.3.1 Martensite
Prior to discussing data analysis of the microhardness data, we need to define the parameters
which were analyzed. Two types of data train were obtained. For martensite regions ( e.g. see,
Fig 3.46) the data train started at the edge of the plessite pool and continued towards the
center of the field of plessite, i.e., distance was measured from the edge of the plessite pool.
For primary or secondary Widmanstatten ferrite that were examined, individual Widmanstatten
units were investigated and distance was measured either from the edge of the precipitate
towards the middle or from the face of the plate towards the middle (see Fig 3.49).
The significance of this data analyses is the fact that we are able to establish that for e.g.;
martensite the hardness decreases with decreasing Ni content as we move away from the outer
austenite rim of the plessite pool. The formation of the outer austenite rim and the variation of
the Ni content in a plessite pool have been discussed in section 1.4.2
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Fig 3.49 : Schematic diagram of data being obtained for the hardness measurements a) A plessite pool containing
martensite ( the dotted line delimits the extent of the austenite rim). Hardness data were taken as a function of
distance from the edge of the plessite pool b) Schematic diagram of a Widmanstatten plate defining its faces and
edge. Hardness data were taken as a function of distance from either the edge or face of the precipitate.

The hardness data collected from a single martensitic plessite pool were plotted against the
distance from the edge as shown in Fig 3.50. It should be noted that regions closer to the edge
of the plessite pool have a higher hardness value. This is because of the higher nickel content
“

z

”

ntent towards

the center of the pool as discussed in section 1.4.2. Increasing nickel content implies a lower M s
temperature , a more highly defective martensite, and less time for subsequent tempering
reactions.
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In addition, several plessite pools which exhibited varying stages of tempering were chosen and
the hardness of the martensite present in the pools was plotted as a function of distance as
shown in Fig 3.51.
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Fig 3.51 Vickers hardness of martensite as a function of distance for martensite present in various plessite pools.
Distances were measured from the edge of the pool, ref Fig 3.49.
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Similar trends were observed across all the pools, with hardness values being higher when the
indents were closer to the outer rim zone. It should also be noted that the martensite present
in various plessite pools have different hardness values suggesting that the martensite varies in
degrees of tempering. Tempered lath martensite found in cellular plessite will have lower
hardness value than plate martensite found in black plessite, since tempered lath martensite
has a lower Ni content and formed at a higher temperature than plate martensite found in
black plessite [20]
3.6.3.2 Secondary Widmanstatten ferrite
The hardness data collected from several secondary Widmanstatten ferrite plates was plotted
as a function of the distance from either the face or the edge of the ferrite plate as shown in
Figs 3.52 3.53. Note that the microhardness of SWF is considerably less than the virgin or
tempered martensite.
The data shown in Fig 3.52 shows a modest increase in the hardness as the face (ref Fig 3.49 b)
of the plate is approached. However, this is likely as an artifact caused by the proximity of the
Widmanstatten ferrite/austenite interface. Conversely the trend of increasing hardness as one
approaches the edge of the Widmanstatten plate ( see Fig 3.53) cannot be explained by the
proximity of the austenite/ferrite interface and must represent a real effect. It is possible that
the ferrite that is farthest from the plate- edge, which is first formed during cooling, will have
more time for the transformation-induced deformation to anneal out, as compared with the
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later- form ferrite towards the edge. Evidence for the recovery of transformation strains by
polygonization has been shown in e.g. Fig 3.17 and 3.30.
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Fig 3.53: Vickers hardness as a function of total distance from the edge of various Secondary ferrite plates (ref Fig
3.49 b).
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3.6.3.3 Primary Widmanstatten ferrite

The hardness data collected from several primary Widmanstatten ferrite plates was plotted as a
function of the distance from the face of the ferrite plate as shown in Fig 3.54. The
measurement process was the same as that for SWF indicated in section 3.6.3 2. It was
observed that indents closer to the face of the plate recorded a higher hardness value than
indents closer to the center of the plate. Again, this may be due to a more limited level of
recovery in regions that are closer to the advancing ferrite/austenite interface.
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Fig 3.55.: Vickers hardness as a function of distance from the edge( ref 3.49 b). It can be noticed that for a
particular plate the hardness hardly varies, when compared to the trends shown in Secondary Widmanstatten
ferrite plates (Fig 3.53) and Plessite pools (Fig 3.51).

Hardness values along the length of individual plates were plotted as shown in Fig 3.55; an
appreciable constant microhardness is found.
3.6.4 Conclusions:
It was observed from the various hardness data that martensite is considerably harder than the
Widmanstatten ferrite as shown in Fig 3.56, where comparative values of hardness collected
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from various regions of martensite, SWF and PWF is presented. Data was taken from [19]
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Fig 3.56 Hardness values of martensite, PWF and SWF. It should be noted martensite is the hardest when
compared to PWF and SWF. Martensite also shows a large scatter, due to the degree of tempering, explained in
3.6.3.1. SWF and PWF have similar values indicating that they are formed by similar mechanisms.

The large scatter in the martensite data reflects the degree of tempering that was experienced
by the martensite .Martensite found in black plessite will have a higher hardness value than
tempered lath martensite found in cellular plessite. Of greater importance is the fact that
primary and secondary Widmanstatten ferrites have very similar microhardness , both of which
are significantly less than those of martensitic regions . Hence, it may be safely concluded that
both primary and secondary Widmanstatten ferrite form by the same mechanism (and see
proceeding section).
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3.7 CONCLUDING DISCUSSION
For the first time, serial sectioning and three dimensional reconstructions have been applied to
iron-nickel meteorites. In particular, we have focused on the morphology of what we term
secondary Widmanstatten ferrite (SWF) . The reasons for choosing SWF were as follows
(i)

DeFrain[8] had suggested that SWF was akin to primary Widmanstatten
ferrite(PWF), i.e., it was plate-like and formed on the {111} austenite planes.
However, DeFrain [8] was forced to infer this information from two-dimensional
images.

(ii)

DeFrain[8] also suggested that there was no mechanistic difference between SWF
and PWF, i.e.; they differed only in terms of scale ( e.g. thickness) which simply
.A

D F

’

not to be confirmed with any certainty
(iii)

SWF appears resistant to shape and size coarsening and maintains the morphology
that was adopted during the γ->α transformation .Conversely, martensite is prone to
both size and shape coarsening and what has been termed a black plessite will
eventually metamorphose into finger or cellular plessite ( vid Table 1.2) after
formation

(iv)

SWF is more amenable to quantitative study than PWF simple because the latter is
macroscopic in nature and individual PWF plates and hence morphologies are, most
often, restricted in both their lengthening and thickening by hard impingement.
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(v)

Yang and Goldstein [21] would classify Cape York meteorite as a low-phosphorus
alloy and would predict that Widmanstatten ferrite would form at the M s
temperature. However, if we can prove that SWF is mechanistically the same as
PWF, but that the former requires larger undercooling than the latter , then we may
Y

G

’ [2 ]

temperature cannot be valid.
The results of the preceding sections have justified our choice of which transformation
products we should reconstruct. We have shown that SWF is plate-like ,it forms on the
{111} planes and appears to be the younger breathern of the (primary) Widmanstatten
ferrite that was first analyzed by Young [1,2]. Indeed it would appear as though the
distinction between PWF and SWF ferrite need not be drawn. However, it remains to be
seen if PWF and SWF form a continuum of plate thickness. Our Data ( Fig 3.45) show that
PWF and SWF constitute two different populations which might indicate that
W
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”

intervals. Multimodal Widmanstatten size distributions have also been documented by
DeFrain[8].
The hardness data( see section 3.6) lends support to the contention that PWF and SWF are
mechanistic clones of each other but that both are very different to plessitic regions that
are martensitic. This would also argue for formation mechanisms of ferrite and martensite
which are distinct. Hence, we would suggest that Widmanstatten forms above M s but that
martensite forms below Ms but that the former grow by a diffusional mechanism whilst the
later grows by a shear mechanism.
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The fact that we may assume that the nature and behavior of SWF is the same as PWF also
implies that we can apply results gained from the former to characterize the latter. In this
regard, the data of Fig 3.40 is one of particular importance. These data show that there
would appear to be little inhibition to the thickening of the SWF and that their growth is
solely controlled by long range diffusion of nickel in austenite. Even though we cannot rule
out , or correct for the effects of soft and hard impingement on both lengthening and
thickening rates , the trends in the data shown in e.g., Fig 3.40 and 3.41 and 3.45 are in
stark contrast to the data obtained by Kral and Spanos [16] where serious inhibition of
precipitate thickening was found. For decades, various research groups have calculated
meteoritic cooling rates from the thickness of PWF plates and associated nickel diffusion
profiles [22, 23] .All these studies make the implicit assumption that Widmanstatten ferrite
grows under full diffusion control; a situation that is not always realized with plate-like
precipitates. However, our data regarding the thickening of SWF plates, together with the
diffusion profiles that were obtained by DeFrain[8] are very strong evidence for diffusion –
controlled reaction. If we extrapolate our data to the PWF which have been analyzed in the
cooling studies of ref [22,23] then we may conclude that their implicit assumption does
indeed appear to be valid.
Finally, in section 1.4.2 and in Table 1.1 we briefly discussed two forms of two forms of
“
”

“

“

”
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. . F 3.9, 3.17, 3.22, 3.25 and 3.37 reveals that comb and net

plessite are nothing other than complex interlocking of SWF regions. Indeed the use of the
“

”
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parallel between complex interlocked regions of Widmanstatten ferrite that are found in
meteorites (fig 3.35) and in steels (Fig 3.8).
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CHAPTER 4: THE EFFECT OF INCLUSIONS ON THE NUCLEATION OF WIDMANSTATTEN FERRITE
IN IRON-NICKEL METEORITES
This chapter is based on a collaborative study conducted by the author , in association with R.J.
DeFrain and P.R. Howell , it will form the basis of a publication of the same title. This chapter
has been written by P.R. Howell to whom grateful thanks are extended. Parts of this chapter
also formed homework answers for MATSE 562 in 2010 and 2011.
4.1 INTRODUCTION
The mechanisms of the formation of Widmanstatten ferrite in iron-nickel meteorites, and in
particular the mode and temperature of nucleation have been the subject of some debate for
several decades. This debate centers on the use of Widmanstatten ferrite to determine the
cooling rates of the meteorites inside the parent planetisimal. The current theory regarding
nucleation of Widmanstatten ferrite was enunciated by Yang and Goldstein [1] in 2005. In the
following subsections, we will introduce this mechanism and offer some comments regarding
its applicability. In section 4.3 , we will change direction and provide a critical summary of the
recent spate of publications dealing with the formation of intragranular ferrite in terrestrial
steels. The study of intragranular ferrite morphologies in steels is particularly germane in that
these ferritic transformation products are the direct analog of swathing and Widmanstatten
ferrite in iron-nickel meteorites ; we also will draw a direct link between the two intragranular
ferrite morphologies (idiomorphic and acicular) and their meteoritic counterparts (swathing
and Widmanstatten ferrite). We will further suggest that the results from the terrestrial steels
may be applied to the extra-terrestrial iron-nickel alloys and argue that at least a part of Yang
G
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ture. Finally

in section 4.5 we will present some of our results regarding the efficacy of inclusions ,in general,
on the nucleation of Widmanstatten ferrite in iron-nickel meteorites.
4.2 THE PROPOSAL OF YANG AND GOLDSTEIN [1]
“T
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[1] examined the mechanisms of the nucleation of intragranular Widmanstatten ferrite in iron.M

“…it is not possible to

nucleate α phase directly within single crystal taenite (γ phase) before forming martensite (α 2
phase) “. Y

G

’

:

Widmanstatten ferrite in austenite (taenite in meteoritic terms) does not occur. The above
contention was based on earlier work by e.g. Narayan and Goldstein [2], who were unable to
nucleate intragranular ferrite in terrestrial binary iron-nickel alloys. However, in iron-nickel
phosphorous alloys, Narayan and Goldstein were able to produce intragranularly nucleated
Widmanstatten ferrite and there appeared to be a close association between phosphide
particles and the ferrite. Hence, it would appear that in terrestrial-based experiments,
Widmanstatten ferrite might nucleate homogenously, for times and temperatures investigated
by Narayan and Goldstein [2].
Yang and Goldstein take the results from the terrestrial experiments and apply them to the
much slower cooling rates experienced by iron-nickel meteorites and suggest that, in the
absence of phosphides, Widmanstatten ferrite cannot nucleate above the martensite start
temperature (Ms) . In particular, Yang and Goldstein claim that the austenite must be
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supersaturated with respect to phosphorus, or must cool below the M s temperature, before
Widmanstatten ferrite can nucleate.
Hence Yang and Goldstein are essentially proposing two mechanisms for the nucleation of
intragranular ferrite:
i)

Heterogeneous nucleation of ferrite on a phosphide or ;

ii)

Nucleation of ferrite, by shear at Ms followed by subsequent diffusionally limited
growth.

Nucleation of ferrite is then thought to occur at a temperature of either:
iii)

The temperature at which phosphides precipitate in the austenite, or;

iv)

At the martensite start temperature, Ms.

With the operating mechanism being that which would occur at the higher temperature, Yang
and Goldstein also claim that the concept of undercooling, which had been invoked by most
previous workers was either unnecessary or incorrect and that the temperatures of nucleation
are as given by iii) and iv) above.
We have several criticisms of the article; these are listed below
(i)

The results regarding nucleation on phosphides in iron-nickel –phosphorus alloys
were obtained from short term terrestrial experiments and then applied to the very
much slower cooling rates experienced by meteorites.

Nucleation is a time-dependent process and what might be an undetectable nucleation rate
in an earth bound experiment might translate into a finite nucleation rate at the cooling rates
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experienced in space. Hence, even if we accept that phosphides catalyze the formation of
Widmanstatten ferrite, the homogenous nucleation of Widmanstatten ferrite, in phosphorus –
lean alloys ,cannot be ruled-out.
(ii)

Yang and Goldstein [1] only consider the role of phosphides in the nucleation of
ferrite. In iron-nickel meteorites many other inclusion types, e.g., carbides, sulfides,
oxides are present ( and see section 4.5). If phosphides are powerful inoculants,
then why not other inclusions?

(iii)

There is scant, if any evidence for the association between phosphide inclusions and
Widmanstatten ferrite ; indeed as will be argued later in this chapter (section 4.4)
the evidence would suggest that Widmanstatten ferrite is rarely associated with
inclusions.

(iv)
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description of

the formation of ferrite in iron-nickel meteorites. Swathing ferrite is an irregular
(non-Widmanstatten ) ferritic transformation product ( e.g; see Fig 1.7) that is
present in most octahedral meteorites. Any complete theory in the formation of
ferrite must explain, not only the development of the Widmanstatten ferrite pattern
, but also the development of swathing ferrite.
Before we discuss our research , we will describe the results of several recent studies on steels.
We will also draw a parallel between the intragranular ferrite products found in steels with
those in meteorites.
4.3 INTRAGRANULAR FERRITE IN LOW TO MEDIUM CARBON (TERRESTRIAL STEELS)
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4.3.1 Introduction
In the following, we will establish the presence of two ferritic morphologies in iron-carbon steel
(section 4.3.2) intragranular idiomorphs and acicular ferrite. Both terms are probably
misnomers in that idiomorphic ferrite displays no reproducible external morphology and is
irregular in shape. Conversely, acicular ferrite is lath-like or plate- like and should be termed
Widmanstatten ferrite, i.e., it is the same transformation product which is found in meteorites.
We will also argue that idiomorphic ferrite(steels) and swathing ferrite (meteorites) are oneand-the same.
In section 4.3.3 and 4.4.4 we will identify the nucleation sites which appear to be the most
potent for the formation of intragranular ferrite in steels, and in section 4.3.5, we will present a
concluding discussion on the formation of intragranular ferrite in iron-based alloys.

4.3.2 The Morphological Studies of Yokomizo et al[3] and Cheng and Wu[4]
Yokomizo et al., [3] and Cheng and Wu [4] have examined the three dimensional shapes of both
idiomorphic and Widmanstätten ferrite that formed intragranularly in low carbon steels. In
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both instances, the authors aimed to establish the nucleation sites for the intragranular ferrite
as well as the effect of transformation temperature on ferritic morphology.
Both sets of authors austenitized their steels at elev

250˚C)

large austenite grain size (200 – 300 µm in [3]) and isothermally transformed in the
640˚C – 6 0˚C [ ]

690˚C – 6 0˚C [4]. A

[3] and [4], a combination of three-dimensional image reconstructions, using serial sectioning,
and orientation imaging in the scanning electron microscope was used to examine the steels.
Cheng and Wu [4] also employed nano indentation to characterize the intragranular ferrite.
It was established, in both studies, that intragranular nucleation of ferrite occurred at inclusions
[3 4].
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evidence for the identity of the inclusions. Yokomizo et al., [3] suggested that the inclusion
consists of vanadium nitrides (VN) on manganese sulfide (MnS), whereas Cheng and Wu
claimed that they were MnS inclusions that had formed on particles of alumina. The close
association between inclusions and intragranular ferrite was demonstrated via the use of serial
sectioning. Cheng and Wu [4] note that the association between inclusions and intragranular
ferrite has been known for a considerable time and that nucleation at an inclusion will be
favored due to a variety of factors including a reduced interfacial energy contribution during
nucleation, a change in the solute level of e.g., manganese in the vicinity of the inclusion, strain
energy effects due to the differing thermal expansion coefficients between inclusion and
matrix, and the provision of a heterogeneous nucleation site (an inert substrate).
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Indeed Ricks et al [5] had shown in 1982 that all inclusions should be considered as
heterogeneous nucleation sites in steels. Ricks et al [5]also suggested that the size of the
inclusions was important with the larger inclusions ( 1 µm in diameter) being more effective
than smaller inclusions.
Cheng and Wu [4] determined that, for a transformation

690˚C
)

6 0˚C

adopted a plate-like or lath-like morphology, which may be associated with Widmanstätten
ferrite. At intermediate temperatures (650˚C)
Widmanstätten ferrite was observed with the latter sometimes growing from the former; the
results of Yokomizo et al [3] were broadly consistent with this behavior, with idiomorphic
ferrite predominating at the higher transformation temperature and Widmanstatten ferrite at
the lower transformation temperature.
The idiomorphic ferrite regions were found to be polycrystalline in nature [3] comprising up to
a dozen separately nucleated ferrite crystals. These crystals were often separated by low angle
boundaries, but also by high angle boundaries [3,4]. Yokomizo et al., [3] argue, probably
correctly, that the polycrystalline idiomorphic ferrite regions form as a result of multiple,
heterogeneous nucleation of ferrite at the inclusion/austenite interface.
W

ä

“

”
“

”

individual MnS particles. Neither set of authors found any evidence for the development of
Widmanstätten ferrite from idiomorphic ferrite at these low transformation temperatures and
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the individual Widmanstätten ferrite units appeared to develop directly from the
inclusion/austenite interface.
At intermediate temperatures, Cheng and Wu [4] found that Widmanstätten ferrite could
develop from the idiomorphic ferrite; most probably by sympathetic nucleation, although the
authors do not explicitly address this issue.
Both research groups discuss the question of the crystallographic relationships between the
inclusion, the austenite and the ferrite. The situation is somewhat unclear because the high
temperature austenite transforms to martensite during the quench, which follows the partial
isothermal transformations; the discussion presented by Yokomizo et al [3] is also somewhat
oblique. However, it was suggested that at elevated temperatures, the ferrite forms with an
orientation relationship with respect to the inclusion, but not the austenite, and cannot
develop into a Widmanstätten morphology. Conversely at low transformation temperatures,
the ferrite is rationally related to the austenite (possibly by the Kurdjumov-Sachs orientation
relationship), but not to the inclusion, thereby permitting the direct development of the
Widmanstätten morphology. At intermediate temperatures, the initially formed idiomorphic
ferrite (which is related to the inclusion) transforms to a Widmanstätten plate via sympathetic
nucleation, i.e., at intermediate temperatures, the Widmanstätten ferrite forms indirectly.
Some very tentative evidence for the orientation of the high temperature idiomorphic ferrite is
provided by Figure 5 of Yokomizo et al [3] where the orientations of the intragranularly
nucleated idiomorphic ferrite grains are very different from those of the nearby grain boundary
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ferrite crystals, some of which should be rationally related to the grain in which the idiomorphic
ferrite was developing.
Cheng and Wu[4] also examined the hardness of the idiomorphic and Widmanstätten ferrite
and found that the latter was harder than the former. However, the difference in hardness,
measured by nano indentation was relatively minor and may well reflect a subtle change in
dislocation density with changing temperature, rather than a change in the mechanism through
which the two ferritic morphologies were formed.
In summary, both sets of authors show rather convincingly that intragranular ferrite forms on
inclusions but it remains puzzling that neither group positively identified the inclusions. Both
groups also show a morphological trend with decreasing temperature; the high temperature
idiomorphs being replaced by Widmanstätten ferrite at lower transformation temperatures.
The change in ferritic morphology would also seem to be accompanied by a change in
crystallography. Both sets of authors suggest that idiomorphs form with an orientation
relationship with respect to the inclusion, but not the parent austenite; conversely the acicular
ferrite was believed to form with the Kurdjumov – Sachs orientation relationship with respect
to the parent austenite. Neither group of workers offers any rationale for this marked change in
behavior.
The differences , alluded to above, regarding the identity of inclusions and the crystallography
of the ferrite reaction have been addressed by other authors as described in the following sub
section.
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4.3.3 Inclusion Identity and Preliminary Crystallographic Analyses: The Study of Ishikawa et al
[6]
Ishikawa, Takahashi and Ochi (1994) [6], hereinafter referred to as ITO, examined intragranular
~0.25 / )

.S

TO’

j

to prove that intragranular nucleation of ferrite was catalyzed by the presence of VN
precipitates. In order to obtain evidence for the above, the authors designed three steels of
similar composition save that one had a low vanadium (V) content, one had low nitrogen (N)
and the third had appreciable levels of both V and N.
TO[6]

z

250˚C

80

z

~ 25

µm) and continuously cooled the samples to room temperature at a rate of either 0.1 or
0.3˚C/ . H
250˚C

e continuously cooled to temperatures ranging from
600˚C

.T

schedule was designed to promote the development of intragranular ferrite. The authors used
a combination of light microscopy and transmission electron microscopy of both carbon
extraction replicas and thin foils.
Examination of the steels using light microscopy showed that, for the steels investigated and for
the range of austenite grain sizes employed, intragranular ferrite formation was only a common
occurrence for the steel containing V and N in a close to stoichiometric ratio[6].
Although the authors do not discuss morphological development, it is evident from
examination of images such as those presented in Figures 2, 8b, 8c of [6] that the intragranular
ferrite is idiomorphic; no Widmanstätten ferrite was observed. At this juncture, it is worthwhile
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TO’
presented in the studies by Yokomizo et al. [3] and by Cheng and Wu [4] . In the latter two
studies, idiomorphic ferrite was found at relatively high isothermal transformation
temperatures whereas Widmanstätten ferrite was favored at lower isothermal transformation
temperatures. ITO [6] employed continuous cooling studies at relatively slow cooling rates (0.1
– 0.3˚C/ )
undercoolings (high transformation temperatures), thereby favoring idiomorphic rather than
Widmanstätten ferrite. According to ITO[6], intragranular ferrite started to precipitate at
650˚C
0.3˚C/
0˚C

8

640˚C

)

[6]

TO

cleation occurs in

.

From a transmission electron microscope, (TEM) analysis, ITO claimed that intragranular ferrite
nucleation did indeed occur on VN precipitates, the latter of which formed at MnS inclusions.
Furthermore, the authors claimed that the  and VN were related by the Baker-Nutting (B-N)
orientation relationship (O.R.), vid:

{001}VN // {001}α
_





100  VN //  110  α
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 010 VN // 110  α



Despite the strong circumstantial evidence provided by the light microscopy, the TEM evidence
is tenuous in that:
a) only one area was analyzed; hence, the orientation relationship quoted above may
not apply to all such nucleation events;
b) the ferrite had grown to such a size that it was in contact with both the MnS and the
VN and hence, the original nucleation site could not be identified unambiguously.
The interrupted cooling experiments on the V/N steel, showed that the VN began to precipitate


000˚C

700˚C

 at approximately

650˚C .
In discussing the efficiency of VN as a nucleation substrate ITO[6] used the pillbox model of
Lange et al (reference (4) of ITO) to model the nucleation of intragranular ferrite at an inclusion
and subsequently examined the influence of four possible factors that could reduce the energy
barrier to nucleation:
a) an increase in driving force, caused by a local depletion of both vanadium and
nitrogen;
b) an increased diffusivity of carbon in austenite, also caused by a local depletion of
both vanadium and nitrogen;
c) a reduction in interfacial energy, by the formation of low energy interfaces between
the vanadium nitride and the ferrite;
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d) a reduction in strain energy.

According to the authors [6], there will be depletion of vanadium, but not of nitrogen, in the
vicinity of the vanadium nitrides. However the authors also showed that this depletion had an
insignificant effect on both the driving force and the diffusivity of carbon. The authors also
concluded that, at the temperatures investigated, the contribution of the strain energy to the
overall driving force was limited. Finally, the authors argued that the close match between the
(001)α (001)VN planes for the B-N O.R. would yield a low energy interface. The R parameter of
Ecob and Ralph (reference (12) of ITO) was used to show, empirically, that VN should be a more
potent substrate than e.g., MnS. However, ITO[6] did not address the following question: If  is
B-N oriented with respect to the VN, what OR develops between the 

γ?

The answer to this question is not simple .Although VN typically is generally cube-cube related
to the austenite; the nitrides are forming on a MnS substrate and the substrate is having
unknown effects on the orientation of the VN. Hence, at present it is not possible to predict
even if there is a

OR

γ

V .

In summary, the authors show that there is a strong correlation between the formation of
vanadium nitride (VN), on pre-existing manganese sulfide precipitates, and the formation of
intragranular ferrite; in the absence of VN precipitates, the MnS inclusions were not effective at
catalyzing the ferrite reaction, at least for the continuous cooling transformations employed by
the authors[6].
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At this juncture it is worthwhile to consider the applicability of points a)- d) above to the
situation that pertains in meteorites. Schreibersite ( Fe,Ni)3 P belongs to the noncentresymmetric space group I ̅ [7] and would not appear to be capable of forming low energy
interfaces with ferrite( Fm3m). Hence point c) above may not be applicable. However,
Schreibersite has a high nickel content and growth of the phosphide will lead to local depletions
in nickel, which would increase the driving force for the ferrite formation. Studies by e.g Clarke
and Goldstein [8] have revealed wide nickel-depleted zones in the vicinity of the phosphides
and this depletion will promote the formation of ferrite, but as argued later (see section 4.4 and
4.5) this is, swathing ferrite.
According to Ishikawa et al[6] and also Yokomizo et al [3] , VN is an effective catalyst for the
formation of intragranular ferrite. One would also surmise from the paper of Ishikawa et al [6]
that, in order to be a potent catalyst, VN had to be located on a MnS. In the following we will
prove that this is likely so.
From the data contained in ref [6] , we may calculate the number density of vanadium nitride
precipitates as follows
a) From the quoted composition, the maximum volume fraction of VN ((V VN)V) is :

(VVN)V ~ 0.002

From Figure 3 of ITO, the radius of the VN particles (rVN) is :

rVN ~ 0.1 m = 10 -7 m
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Assuming that the particles are spherical yields the following for the volume (V VN) of a single VN
particle :

VVN= 4/3 r3VN = 4.19 x 10-21m-3

Now, the number of VN precipitates/unit volume ((NVN)V) is:

(N VN ) V 



(VVN ) V
0.002
-3

21 m
VVN
4.19x10

and: (NVN)V = 4.8 x 1017m-3 = 4.8 x 108mm-3 = 0.48µm-3

To place these numbers into perspective ,it is also worthwhile to calculate the number of VN
particles per austenite grain and :
b) Reference to Figure 8c of ITO[6] shows that the number of austenite grains in the field of
view is approximately:

Nt = Nw + 0.5Ni = 36

The area of the micrograph in Figure 8 (At) is:

At 



75
49
x100x x100 = 5.742x10 5 m2
8
8
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Hence, the number of austenite grains/unit area (NA) is:

NA 



36
m 2  6.27x105 m 2
5.742x10 5

During cooling from the austenitization temperature, the originally single-phase austenite grain
structure is eventually replaced by lower temperature transformation products (e.g., ferrite and
martensite). However, the austenite grain size is defined by the austenite grain structure that
was present prior to these latter transformations, and the mean austenite grain size is thus:

(A)

1

2



1

1
1

NA 2



5.742
2
 
x10 5   126m 0.126mm
 36


To a first approximation, assume that the grains are cuboidal yields:

V  0.1263  0.002mm3



And the number of VN particles/austenite grain = 9.6 x 105
Let us now compare the above VN number densities with the observed number density of
intragranular ferrite idiomorphs and:
Using point counting on Figure 8c of ref[6] (and excluding all the grain boundary ferrite)
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VV = AA = LL = PP = 0.136 (13.6%)

The number of intragranular ferrite particles in Figure 8c is:

Nt = Nw + 0.5Ni = 130

The area analyzed (see b) above) is At = 5.742 x 105m2

1
2



and the mean ferrite grain size A

1
2

A


is given as:

1
1

AA 2 0.136x5.742x10 5 2
    
  24.5m
130

N A  

Now, if we assume that all ferrite grains are of the same size (24.5m), then the total volume
analyzed is:

24.5 
Vt  At x 2
1.4x10 7 m3 1.4x10 2 mm3
 2 



And N v 



Nt
130
3
3
=
-2  9.3x 10 /mm
Vt
1.5 x 10

Our calculations may be off by an order of magnitude. However it is clear that if VN is the
nucleation substrate for intragranular ferrite, which it would appear to be, then very few of the
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nitrides are effective nucleation sites. From the above, I would estimate that only 1 in 10 4 – 105
VN precipitates initiate the ferrite reaction; it is likely that the VN particles that do catalyze the
ferrite reaction are found in association with the MnS inclusions and that VN precipitates that
form homogeneously throughout the matrix are not effective nucleation sites! Further, if the
intragranular ferrite nucleates on VN precipitates, which in turn have nucleated on MnS
particles, then the formation of low-energy interfaces, between the substrate and the ferrite is
not sufficient to promote heterogeneous nucleation and that the size of the substrate may also
be important
We may also estimate the number density of MnS sulfide particles because:
From Table 1 of ITO[6], we can estimate that the volume fraction (VV) of manganese sulfide is
approximately 10-3. We also know that the radius of the MnS is about 1m. Hence

VV  N V 4/3r 3



and

N V  2.4 x 10 5 /mm3

i.e ; if we assume that intragranular ferrite forms on VN/MnS composite particles, then the
 number density of MnS inclusions is still greater than the observed number density of

intragranular ferrite particles although disparity is not particularly large.
4.3.4 Factors Affecting which Inclusions are Potent Nucleation Sites: The Study of Shim et
al[9]
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In the previous section, it was shown that a reduction in interfacial energy, by the formation of
low energy interfaces could be an important catalytic function of inclusions. The effect of
inclusion size was also mentioned. In the following work, the potency of various inclusions, as
nucleation sites for intragranular ferrite, in a series of medium carbon (0.2 – 0.25%C) steels is
examined[9]. The steels contained either 1.5%Mn or 2.5%Ni; these levels of manganese and
nickel were chosen to yield similar transformation kinetics (as evidenced by the calculated CCT
curves) in the various steels. The nickel was substituted for the manganese when it was
desirable to prevent the formation of either Mn-containing inclusions (MnS, MnO, MnSiO3) or
Mn-depleted zones (MDZs) in the vicinity of the titanium-based inclusions. In addition to the
Mn-containing inclusions, various steels were designed to promote the formation of other nonmetallic inclusions, namely SiO2, Al2O3, TiN and VN. In total, nine steels were examined, four
being Mn-bearing and five, Ni-bearing [9].
Thermocalc was used to calculate the equilibrium volume fractions of the various inclusions as
a function of the temperature. Of the various steels employed, the computed calculations
showed that, only VN, and sometimes TiN formed below the solidus temperature [9]. Hence, it
was argued that the precipitation of Mn-containing inclusions would not, in general, result in
MDZs in the austenite adjacent to the inclusions. The identity of the inclusions was confirmed
using energy dispersive spectroscopy in the scanning electron microscope.
S

z

austenite grain size (~ 200m), followed by either:

250˚C

20
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(i)

0.5˚C/

670˚C

20 minutes prior to quenching to room temperature;
(ii)

0.5˚C/

.

Examination of the steels by light microscopy showed that:
(iii)

single SiO2, MnSiO3, Al2O3, TiN and MnS inclusions were not effective nucleation
sites for intragranular ferrite unless they, in turn, acted as substrates for the
formation of VN;

(iv)

Ti2O3 was only effective in catalyzing the formation of ferrite when in the presence
of Mn and of MDZs;

(v)

intragranular ferrite was only formed in the steels containing either VN or (TiMn) 2 O3
670˚C
isothermic hold and quench; continuous cooling to lower temperatures resulted in
acicular ferrite.

In discussing their results, Shim et al [9] note that the formation of intragranular ferrite might
be promoted by one (or more) of the following:

(vi)

the existence of volumetric strain, induced by differences in the coefficient of
thermal expansion;

(vii)

the provision of an inert, heterogeneous, nucleation site;

(viii)

local solution depletion in the vicinity of the inclusion particles;

(ix)

low lattice mismatch between the inclusion and the ferrite.
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The authors[9] discount (vi) above on the basis that the strain energy is usually small as
compared with the driving force (Gv). It was also concluded that the provision of an inert
nucleation substrate alone was not sufficient because most of the micron-sized inclusions (SiO2,
MnSiO3, Al2O3, TiN and MnS) were not potent nucleation sites under the experimental
conditions employed. However, the authors did suggest that solid-state diffusion of
manganese, to the melt formed Ti2O3 inclusions, would result in MDZs, a concomitant increase
in Gv, and the heterogeneous nucleation of intragranular ferrite on the (TiMn)2O3 particles.
Further, the authors show that VN nitrides are effective nucleation sites, when these nitrides
formed on pre-existing MnS or Al2O3 inclusions. It was postulated that the low lattice misfit,
between the vanadium nitrides and the ferrite would catalyze the formation of the latter or the
former- assuming that the two are related by the Baker-Nutting (B.N.) orientation relationship
(OR), namely:
VN //



VN //



VN //



4.3.5 Concluding Discussion: Intragranular Ferrite in Steels
4.3.5.1 The Nucleation Site for Intragranular Ferrite
The studies by Shim et al [9], Yokomizo et al [3], Ishikawa et al [6] and Cheng and Wu [4] all
agree that intragranular ferrite in steels forms on inclusions. Ishikawa et al[6] were the first
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V

α

B-N

O.R. would catalyze the formation of intragranular ferrite when the nitride precipitated on a
pre-existing MnS inclusion. The results of Shim et al [9], lend support to this contention. The
studies of Yokomizo et al [3], and Cheng and Wu [4] are somewhat ambiguous in this regard, in
that neither set of authors identified the active nucleation site; however Yokomizo et al [3], did
suggest that the nucleation site for the intragranular ferrite was a composite VN/MnS inclusion.
Given the remarkable similarity between the steels that were investigated by Yokomizo et al
[3], and Cheng and Wu [4], it is likely that in both cases, the active nucleation site was a
VN/MnS inclusion.
The work of Shim et al [9] is also important in that it shows that inclusions may influence
intragranular nucleation by increasing the driving force; in the particular case cited by Shim et al
[9], solid-state diffusion of Mn to the Ti2O3 results in MDZs within which the driving force for
the austenite to ferrite reaction increases.
A

“ z “

- z

”

”.

4.3.5.2 The Morphology of Intragranular Ferrite.
There would seem to be general agreement between the authors regarding the morphology of
intragranular ferrite; two basic shapes are found:
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(x)

idiomorphic (more accurately, equiaxed) ferrite, which forms at relatively low

undercoolings in either isothermally or continuously cooled transforms.
(xi)

acicular (more accurately, Widmanstätten) ferrite, which forms at higher undercoolings.

Idiomorphic ferrite displays no reproducible, crystallographic shape (e.g., see refs [3,4,6] and is
frequently polycrystalline. For the Vn/MnS particle containing steels of [3,4,6], the
polycrystalline nature of the idiomorphs most likely results from multiple ferrite nucleation
events at several individual VN particles in contact with the same MnS inclusion. The shape of
idiomorphic ferrite is most likely a reflection of the lack of reproducible O.R., between the
intragranular ferrite and the austenite into which it is growing, (and see Section 2.3).
Acicular ferrite adopts a lath or plate-like morphology [3, 6] which reflects the orientation
relationship which develops between the austenite and the ferrite (and see below)
4.3.5.2 The Crystallography of Intragranular Ferrite.
Perhaps the most disappointing aspect of the studies presented in refs [3,4,6,9] is the virtual
lack of any crystallographic information. Ishikawa et al [6] give one example of an orientation
relationship; that between ferrite and VN and which was found to be B-N. Both Yokomizo et al
[3] and Cheng and Wu [4] speculate regarding the crystallographic relationship between the
substrate VN, the parent phase (austenite) and the product phase (ferrite). However, it is left to
another study, by Miyamoto et al [10], to investigate the relevant ORs in more detail. In this
latter study, the authors used orientation imaging microscopy (OIM) in the scanning electron
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microscope (SEM)., to analyze the orientations between austenite and ferrite, and transmission
electron microscopy (TEM) to investigate the VN/ferrite crystallography.
The data of Miyamoto et al [10], lend support to the findings of Ishikawa et al [6] in that, of nine
instances examined, four of the ferrite crystals adopted the B-N O.R. with respect to the VN;
“

:

ientations between low-index

planes and direction in the two phases. In analysing of the ferrite/austenite orientation
M

[ 0]

“

”

the high temperature austenite, because the latter is transformed to the former during the
quench. By assuming that the martensite was related to the parent austenite by the
Kurdjumov-Sachs (K-S) OR, the authors were able to demonstrate that:
(xii)

the idiomorphic ferrite was not rationally related to the parent austenite

(xiii)

the acicular ferrite was related to the parent austenite and by the K-S OR.

4.3.5.4 Idiomorphic and Widmanstatten Ferrite: Effect of Transformation Temperature
In section 4.3.2, we found that the idiomorphic ferrite formed at the higher isothermal
transformation temperatures, whereas Widmanstatten ferrite formed at lower transformation
temperatures. Shim et al [9] found that idiomorphic ferrite formed in samples which had cooled
at a rate of 0.5 K to 943 K and quenched whereas in steels that had been cooled at a rate of
0.5K to room temperature developed a mixture of idiomorphic and Widmanstatten ferrite; i.e.,
their data suggest that idiomorphic ferrite forms at a higher temperature during continuous
cooling. The latter point was emphasized by Ishikawa and Takashi [6] ,who examined the
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formation of intragranular ferrite in a series of steels containing either 1.5 % Mn or 2.3 Mn,;
these authors concluded that idiomorphic ferrite forms at higher transformation temperatures
and for lower cooling rates. This is an especially important point when we consider the
hierarchy of ferritic transformation products in meteorites. Assuming that we may equate
idiomorphic ferrite with swathing ferrite and that the two forms of Widmanstatten ferrite are
the same, implies that in meteorites, the first ferritic transformation product to form will be
swathing ferrite and that this swathing ferrite should nucleate at inclusions.
4.4 WILL PHOSPIDES NUCLEATE WIDMANSTATTEN FERRITE IN METEORITES?
As early as the 1930s , Young[11] noted that swathing ferrite ( which we are equating to the
idiomorphic ferrite in steels ) formed in association with the phosphide inclusions and that
these ferritic transformation products were not crystallographically related to the austenite
into which they were growing ( and see Chapter 3)
At this point we should note that the remarkable agreement between the seminal studies of
Young in 1920s[12] and 1930s [11] , and more current research on steels ( e.g, see Section
4.3.5.3). We should also state that swathing ferrite (meteorites) and idiomorphic
ferrite(meteorites) are equivalent in all respects . Similarly for the terrestrial Widmanstatten
(acicular ) ferrite and the meteoritic Widmanstatten ferrite.
In the decades postdating Young's research , other research groups have noted the association
between schrebesite and swathing (idiomorphic ferrite). For example, Clarke and Goldstein [8]
compiled a very careful study on the effect of the growth of phosphides on microstructural
development in coarse -structured iron meteorites; these authors are in complete agreement
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with Young. More recently, Defrain [13] has shown that in the Canyon Diablo meteorite, which
has a high phosphorus content, swathing ferrite may dominate entire meteoritic regions that
contain a high volume fraction of Schreibersite.
In contrast, with the possible exception of Axon and Smith[14] there are no reports on the
association between Schreibersite and Widmanstatten ferrite .The question is: why not? The
answer lies in the observation of e.g, Ishikawa and Takahashi [15] that, as cooling rate
decreases , the formation of idiomorphic ferrite is favored because ferrite forms at a lower
undercoolings and there is a need for the ferrite to adopt a low energy orientation relationship
with respect to the inclusion, but not necessarily the austenite .Conversely at high cooling rates,
the undercoolings themselves are higher and the propensity towards the formation of
Widmanstatten ferrite , which is rationally related to the austenite , increases. In the limit,
which corresponds to the very slow cooling rates experienced by meteorites, the only ferritic
transformation product that can take part in the heterogeneous nucleation process is
idiomorphic ferrite ; Widmanstatten ferrite must nucleate in the absence of a nucleation
substrate .
The only exception to this (apparent) rule is found in the work of Axon and Smith[14] who
occasionally found "spindles of ferrite" in ataxites; high nickel meteorites which have a low
transformation temperature range .This again would be consistent with the continuous cooling
transformation diagram of Ishikawa and Takahashi [15] who found that increasing the Mn level
in their steels from 1.5 % to 2.3 % increased the probability of forming intragranular
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Widmanstatten ferrite.If we return to the study of Axon and Smith [14] ; these authors also
found swathing ferrite in association with phosphide precipitates.
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4.5 THE EFFECT OF INCLUSIONS IN THE NUCLEATION OF FERRITE IN METEORITES: RESULTS

Sulfide

SF
SF

Chromite

SF

SF

SF

Fig 4.1: Swathing ferrite(SF) found in the Cape-York meteorite bordering a sulfide and a chromite inclusion.
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SF
SF
Phosphide
SF

Chromite
Phosphide

SF

Phosphide

Fig 4.2 Montage of Swathing Ferrite regions (SF) bordering a chromite inclusion. The inclusions at the
ferrite/ferrite grain boundaries are phosphides

Fig 4.1 and 4.2 are optical montages of two regions of the Cape York meteorite. In both
instances , the images display swathing ferrite in association with chromite( Fig 4.1 and 4.2) or
sulfide inclusions(Fig 4.1) ; the inclusions are identified in the SEM images of Figs 4.3 a-e. The
close association between the chromite and the sulfide inclusions is strong circumstantial
evidence for their role in nucleating swathing ferrite. Note that no inclusions are found within
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Widmanstatten ferrite plates although phosphide particles are at ferrite/ferrite grain
boundaries (Fig 4.2).

Sulfide

Chromite

(a)
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(b)

(c)
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Phosphide

(d)

(e)
Fig 4.3 (a) Backscattered electron images of a chromite and a sulfide inclusion in the Cape York meteorite (b)(c)
associated EDS spectra confirming that the inclusions are a chromite and a sulfide( indicated by Cr and S peaks)
respectively (d) Backscattered electron images of a phosphide inclusion in the Cape York meteorite (e) associated
EDS spectra confirming that the inclusion is a phosphide( indicated by P peaks)
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Fig 4.4 Montage of the Odessa meteorite.
Fig 4.4 is a montage of the Odessa meteorite; swathing ferrite is indeed swathing the duplex
cohenite /haxonite inclusions (their identity is confirmed in Figs 4.5 a-d). The fact that multiple
carbide inclusions are associated with irregular (non-Widmanstatten), i.e., swathing-ferrite is
again strong evidence for carbides acting as nucleation substrates.
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(a)

(b)
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(c)

(d)
Fig 4.5 (a) (c) Backscattered electron images of cohenite/haxonite(carbide) inclusions (b) (d) associated EDS
spectra confirming that the inclusions are carbides (indicated by the carbon peak)
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Finally Fig 4.2 shows examples of Schreibersite inclusions which are located at the grain
boundary between two impinged primary Widmanstatten plates or two impinged swathing
ferrite precipitates, i.e.; precipitation of this inclusion postdated the ferrite reaction. This type
of Schreibersite inclusion was first documented by Clark and Goldstein [8].
4.6 CONCLUDING DISCUSSION
4.6.1 General
The preceding discussions have focused on the role of inclusions in the nucleation of ferrite. In
particular, we have argued that inclusions in general and Schreibersite in particular are effective
inoculants for the initiation of the swathing ferrite reaction, but not the Widmanstatten ferrite
reaction. Hence, we must take issue with the contention of Yang and Goldstein [1]who claimed
that nucleation of Widmanstatten ferrite occurred either when the meteorite entered the three
γ+α+

P-meteorites) or below the Ms temperature ( for low P-

meteorites). In any iron-nickel meteorites, we would posit that as soon as the meteorite enters
γ+α+
Widmanstatten ferrite.
So how and when does Widmanstatten ferrite form? Presumably at same temperature less
than that which is associated with the swathing ferrite (see section 4.6.4) and by a mechanism
that does not involve the operation of a substrate. We are left with (classical) diffusional
nucleation, which can not be ruled out although, we believe that this is unlikely.
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The other possibilities are nucleation by shear either above or below the M s temperature. If
Widmanstatten ferrite forms below the Ms temperature. If Widmanstatten ferrite forms below
Ms by a martensitic mechanism, as proposed for low-phosphorus alloys by Yang and Goldstein
[1] then we must invoke the concept of a transformation that changes character during growth
from one that is martensitic to one that is diffusional. We are also faced with the problem of
differentiating between PWF, SWF and (true) martensite. For example, when does a martensitic
nucleus/ precipitate convert to diffusional control and at what temperature does this transition
not occur; this transformation must occur as there seems to be little doubt that lath and plate
martensite do form in meteorites , and in addition to both PWF and SWF. In addition, in most
martensitic transformations, individual units (i.e.; laths or plates) tend to grow to their limiting
size almost instantaneously at temperatures below Ms, so that a considerable volume of ferrite
will be created with a supersaturation of nickel. Conversely, if we can form a ferrite nucleus by
shear but with the correct composition ( see Section 4.6.2) and above Ms and that nucleus may
also grow by shear, but at a rate that is limited by the long range diffusion of nickel, then we
have a viable mechanism for the formation of Widmanstatten ferrite, which is dependent only
on the concentration of nickel.

4.6.2 The Widmanstatten Ferrite Reaction in Iron-Carbon Alloys (Steel) and in Meteorites.
Bhadeshia has long been an advocate for the martensitic-like nucleation and growth of
Widmanstätten ferrite in Fe-C based alloys. For example, in Ali and Bhadeshia [17], it was
argued that Widmanstätten ferrite could both nucleate and grow at temperatures not far
below the Ae3 temperature, and well above the T0 temperature; this temperature is called the
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Widmanstatten start temperature (Ws). Ali and Bhadeshia[17] assumed paraequilibrium in that
full partitioning of the carbon was allowed, but no partitioning of the substitutional elements
occurred. In our case , we would assume that complete partitioning of nickel would occur. Ali
and Bhadeshia[17] further assumed that there were two energy barriers to the formation of a
martensite-like nucleus, either of which could be limiting:

1.

a mobility term which is related to the need for pre-existing embryo/matrix interfaces to

move in a glissile fashion, to create a critical nucleus;
2.

a strain energy term, which accommodates the stored energy developed during

displacive growth. We would also assumed that the maximum driving force during nucleation
was attained by the nucleus adopting a nickel-lean composition, given by the parallel tangent
construction (Fig 4.6) . A modified version of this construction, but relevant to Fe-Ni alloys , is
shown in Fig 4.6.
It should be noted that although Bhadeshia has his devotees, the displacive model for
Widmanstätten ferrite formation, in Fe-C based alloys, is anathema to many, particularly
Aaronson and his followers.
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Fig 4.6: The formation of Widmanstatten ferrite in iron-nickel meteorites. It is assumed that the ferrite forms by
shear but with a composition which is given by the parallel tangent construction (a). The Ws temperature is given
either by a nucleation limitation B or, in this case , a growth limitation (A) ( Adapted from Ali and Bhadeshia [17] )

Is there any reason to expect that Widmanstätten ferrite, in iron-nickel meteorites might form
by shear? Differences between the Fe-C system and the Fe-Ni system are notable. Growth of
Widmanstätten ferrite in Fe-C based systems is controlled by the diffusion of an interstitial
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species, carbon, and the partitioning of substitutional elements may safely be ignored.
However, in the Fe-Ni system, it is more than likely that full partitioning of nickel must, and
does occur. However, as argued below, the morphologically distinct ferritic products that can
develop in both ferrous and non-ferrous alloys, suggests the creation of two very distinct
transformation products: one of which forms by shear i. e is displacive, and one by diffusion.
4.6.3 Rod-Like and Plate-Like Precipitate Morphology in FCC-BCC Systems.
Flewitt and Towner [18] were perhaps the first authors to document the presence of two
“

”

an fcc-bcc system. These authors examined the Cu-Zn

system, and documented the presence of a rod-

α-phase (fcc), at high transformation

β-phase (bcc). However, as the isothermal
transformation temperature was reduc
T

α

-like. Flewitt and

[ 8]

“
z

. .

”
α

phase formed by shear, but at a rate that was controlled by substitutional diffusion. It was also
suggested that solute partitioning occurred after the precipitate had formed (and see Doig and
Flewitt [19]). Although there is considerable disagreement over the chemical analyses (e.g., see
Mujahid and Bhadeshia [20]), the microstructural studies, which include the observation of
W

ä

α

component of shear. Somewhat more recently, Southwick and Honeycombe [21] have
documented a very similar transformation behavior in a duplex stainless steel, rod-like particles
of the fcc phase were formed at relatively high transformation temperatures, but gave way to
plate-like Widmanstätten fcc plates at lower transformation temperatures. Somewhat
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intriguingly, Narayan and Goldstein [2] claimed that their inclusion-nucleated ferrite in the FeNi-P alloys was rod-like and not plate-like.
It is tempting to conclude from the studies of both Flewitt and Towner [18] and Southwick and
Honeycombe [21], and indeed Naryan and Goldstein[2]that the equilibrium morphology of e.g.,
bcc ferrite, in an fcc austenite is rod-like, and that the plate-like morphology is dictated by
kinetic constraints, i.e., it is a direct result of a displacive reaction. This tentative conclusion is
supported by various studies that have documented a rod-like morphology as the equilibrium
precipitate shape in other fcc/bcc systems, e.g., in the Fe-Cu systems, Speich and Oriani [22]
showed rat

ε-Cu adopt a rod-like morphology, not a plate-

like morphology.
4.6.4 A Model for the Formation of Widmanstatten Ferrite in Iron-Nickel Meteorites
In both steels and iron-nickel meteorites, there are two distinctly different ferritic
transformation products; one which is irregular in morphology and is variously described as
allotriomorphic, idiomorphic and swathing, and one which is plate-like and variously described
as Widmanstatten , acicular or spindle-like. We believe that the former forms by diffusional
nucleation and, in the absence of grain boundaries forms on substrates or inclusions. We also
postulate that the latter forms by shear, but at a temperature that is above M s, growth occurs
by shear but at a rate that is controlled solely by the long range diffusion of carbon (steels) and
nickel (meteorites). We would also suggest that there is a Widmanstatten start temperature
(Ws ) above which Widmanstatten ferrite may not form but idiomorphic (swathing ferrite) may.
This hypothesis, albeit tentative has merit in that it explains the differences found in the
orientation relationships that are developed by idiomorphic and Widmanstatten ferrite (the
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former is related to the substrate, the latter to the matrix) ; the fact that a change in ferritic
morphology can occur over a narrow temperature range ( i.e. as one crosses the W s ) and it
O
steels.

’

z

;
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5. CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK
5.1 INTRODUCTION
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In this thesis the author has managed to successfully analyze the three -dimensional structure
of secondary Widmanstatten ferrite in the Cape York meteorite and discuss the morphology
and crystallography of the same. The role of impingement in the microstructural development
was also investigated. Using various examples of hard impingement we also successfully
classified the various types of hard impingement and analyzed the origin of the basket weave
structure. Additionally, in chapter 4 a common ground between Fe-Ni meteorites and their
terrestrial counterparts, steels was established in terms of the role of inclusions in the
nucleation of various ferritic forms observed in both.
In this chapter we will summarize the important results from the chapters 3 and 4 and suggest
future work that can be done based on the current findings.
5.2 THREE DIMENSIONAL RECONSTRUCTIONS AND DATA ANALYSIS
In chapter 3 ,it was conclusively proven with the aid of three-dimensional reconstructions that
Widmanstatten ferrite found in Fe-Ni meteorites was indeed lath or plate like rather than
needle or spindle like. This was in agreement with the speculations of DeFrain[1] and also
provided a common link with steels; Kral and Spanos [2,3] observed lath and plate like
proeutectoid cementite precipitates in low-carbon steels, .For the first time the morphology of
the secondary Widmanstatten ferrite observed in Fe-Ni meteorites was unambiguously
established to be a plate or a lath. Also for the first time, experimentally we were able to
identify all four morphological variants of Widmanstatten ferrite by comparing the three
dimensional reconstructions of secondary ferrite in two different plessite pools.
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Hard impingement plays a very important role in the microstructural development of
Widmanstatten ferrite in Fe-Ni meteorites. Hard impingement was classified as face on face,
edge on face and edge on edge and their effects on the thickening and lengthening process of
Widmanstatten ferrite plates were investigated. While face on face impingement was found to
inhibit the thickening process, edge on face or face on edge was found to restrict the
lengthening process of Widmanstatten ferrite plates. The dimensional data analysis for primary
and secondary Widmanstatten ferrite showed very different results suggesting that the role of
hard impingement in restricting the growth of primary plates is more pronounced than for the
secondary plates.
Additionally measurements of eccentricity (length/ width) allowed us to further confirm the
plate /lath like morphology of Widmanstatten ferrite plates by comparing the experimental
data with the theoretical data. The experimental data was markedly different than similar
measurements on proeutectoid cementite precipitates by Kral and Spanos [2,3] .
The hardness data analysis enabled us for the first time to experimentally classify the various
hierarchical forms of ferrite viz, primary Widmanstatten ferrite, secondary Widmanstatten
ferrite and martensite. The hardness data reveal that primary and secondary Widmanstatten
ferrite are virtually identical, but quite different from martensite. Martensite hardness data
showed a much larger scatter than the Widmanstatten ferrite hardness data suggesting the
different degrees of tempering. This is in agreement with the work of Ray [4] and DeFrain[1]
who observed that martensite present in plessite pools had undergone different degrees of
tempering. It also confirms the mechanistic difference between ferrite and martensite; the
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former is formed above the Ms temperature and grows under diffusion control whilst the later
is formed below Ms and grow via a diffusionless shear mechanism.
In section 3.7 we answered the question as to why secondary Widmanstatten ferrite was
studied. It was noted that SWF was akin to primary Widmanstatten ferrite ; it was plate like and
formed on the {111} austenite planes; and that SWF and PWF varied only in terms of scale .SWF
is also resistant to size and shape coarsening and maintains the morphology that was adopted
during the γ-> α transformation. Additionally as suggested by the results from the data analysis
of aspect ratio calculations PWF has its morphologies restricted due to a more dominant effect
of hard impingement; SWF is more amenable to quantitative study.
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reconstructions it was revealed that the basket weave structure was nothing but a complex
interlocking of SWF plates and such a structure is quite commonly observed in steels too. In this
“

”

interlocked region of Widmanstatten ferrite found in both meteorites and steels is rather
redundant and should be discontinued.

5.3 ROLE OF INCLUSIONS IN FERRITE NUCLEATION
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The role of inclusions in the nucleation of swathing ferrite and Widmanstatten ferrite was
examined in chapter 4 by a comparative literature search of some of the work done in the past
few decades on steels and meteorites. This helped us to establish a common ground between
steels and meteorites by drawing parallels between idiomorphic ferrite and swathing ferrite;
acicular ferrite and Widmanstatten ferrite. Inclusions were found to nucleate swathing ferrite
as seen from the montages of the Odessa and Cape York meteorite, further confirmed with the
SEM images and EDS spectral analysis of the inclusion chemistry. Here one must note an
important difference between steels and meteorites. While it was found that only certain
inclusions nucleate idiomorphic ferrite in steels, in the case of meteorites the nature of the
inclusions does not appear to be important. The most important factor in the case of iron-nickel
meteorites is that all inclusions serve as nucleation sites for heterogeneous nucleation of
swathing ferrite. It has been found that phosphides , sulfides, carbides and even oxides were
associated with swathing ferrite in the Cape York and Odessa meteorites .Additionally it should
be noted that unlike in the case of steels where intragranular ferrite in general (both
idiomorphic and acicular ferrite) nucleated on inclusions acting as nucleation sites; in the case
of meteorites Widmanstatten ferrite was rarely if found to be associated with inclusions. These
differences in detail, between steels and meteorites are probably a reflection of differences in
cooling rate. The (relatively) rapid rate of cooling in terrestrial steels will serve to accentuate
differences in the potency of various nucleation substrates whereas the remarkably slow
cooling rate of meteorites will promote even the least potent inclusions to become a viable
substrate. Differences in cooling rate will also affect how many of the inclusions act as a
nucleation substrate for the high temperature form of ferrite (idiomorphic/ swathing), with the

207

slow cooling rates favoring the higher temperature transformation product. In the limit of a
very slow cooling rate all inclusions will be associated with the high temperature form of ferrite.
Even though Yang and Goldstein [5] state that Widmanstatten ferrite forms when the three
phase α+γ+

F -Ni-P phase diagram is entered, they refrain from making many
“

W

”

the phosphides do not nucleate Widmanstatten ferrite because they ( the inclusions) are
already associated with swathing ferrite .
The three dimensional reconstructions of secondary Widmanstatten ferrite plates revealed no
association of ferrite plates with inclusions. Hence we can conclude the Widmanstatten ferrite
both primary and secondary in Fe-Ni meteorites does not form on inclusions . Finally, we have
proposed an alternative mechanism for the formation of Widmanstatten ferrite in meteorites;
one which involves the formation of a martensite-like nucleus but with a composition that is
given by the parallel tangent construction (Fig 5.1). The martensite –like nucleus is also
considered to form at a temperature above Ms but below A3 and at the Widmanstatten start
temperature Ws (Fig 5.2). The theory is parsimonious and economical; it is equally applicable to
all iron-nickel meteorites and Ws should be a function of nickel concentration alone. Our model
does not restrict the nucleation temperature to a unique value; rather it posits that
Widmanstatten ferrite can form at any temperature between Ws and Ms (Fig 5.2)
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Fig 5.1 T

W
α
-nickel meteorites. It is assumed that the ferrite forms by shear
but with a composition which is given by the parallel tangent construction (a). The Ws temperature is given either
by a nucleation limitation B or, in this case , a growth limitation (A) ( Adapted from Ali and Bhadeshia [6] )
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Fig 5.2 The relationship between the A3 temperature ( the γ/γ+α

)
W
temperature(Ws) and the martensite start temperature ( Ms) (Adapted from [7] )

The theory , which lacks somewhat in originality as it was first proposed for steels over two
decades ago by Bhadeshia and co-workers, also has the advantage of building in a mechanistic
difference between high temperature ferrite (idiomorphic/swathing) and low temperature
ferrite ( acicular/ Widmanstatten), with the former forming above Ws by a purely diffusional
mechanism whilst the latter forms below Ws by a combined displacive/diffusional mechanism.
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5.4 SUGGESTIONS FOR FUTURE WORK
It should be noted that even though sufficient evidence was provided to demonstrate the fact
that primary and secondary Widmanstatten ferrite are pretty much the same, it remains to be
seen if PWF and SWF form a continuum of plate thicknesses or if nucleation occurs in bursts
over narrow temperature intervals. This maybe achieved by examining other sections of the
Cape York meteorite, together with other meteorites (e.g., Odessa, Gibeon, Canyon Diablo), to
see if the two populations of Widmanstatten ferrite ( PWF and SWF) form separate size
populations.
Considering the hardness data between primary and secondary Widmanstatten ferrite, it can
be seen that primary Widmanstatten ferrite displays a slightly higher hardness than secondary
Widmanstatten ferrite. Hence, it is important that future hardness tests are conducted across
different meteoritic samples and in numerous Widmanstatten plates in order to understand if
this slight deviation does constitute a real difference .In this regard, hardness data analysis can
be conducted in swathing ferrite and compared with Widmanstatten ferrite to establish
experimentally their difference ( one is purely diffusional, the other is combined
displacive/diffusional).
Another area of study which has borne fruit in steels and can be extended to meteorites is to
“ z

”

z

swathing ferrite or not. The effects of hard impingement on microstructural development were
investigated for the Cape York meteorite. This can be extended to other meteorites as well and
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a comparison of the dimensional data analysis that was performed on the Cape York meteorite
will enable us to further solidify the importance of hard impingement in ferrite growth.
One potentially very fruitful area for continuing study relates to the application of orientation
imaging microscopy ( OIM)to the Cape York and other meteorites. For example, in the Cape
York meteorite, we have documented the presence of cellular plessite (i.e., martensite that is
heavily tempered). According to Goldstein and Michael[8] the martensite reaction in
meteorites is incomplete, and the austenite which is observed in association with the
martensite is retained from the original high temperature martensite. However, we would
z

“

”

.

A simple means to differentiate between the proposal of Goldstein and Michael [8], and that of
the current author is to establish the orientation of the martensitic austenite. If indeed it is
retained from the high temperature phase, then all austenite particles must have the same
orientation. Conversely, if at least some of the austenite particles are formed during a
tempering reaction then different crystallographic orientations should be found.
One puzzling aspect of the formation of SWF is the often observed single morphological variant
in a given plessite pool. We have tentatively ascribed this to the phenomenon of autocatalytic
nucleation. An examination of crystallographic orientations of adjacent plates in SWF should
serve to illuminate this question.
Our hypothesis regarding the orientation of swathing ferrite, as opposed to Widmanstatten
ferrite can be determined rather simply using OIM. For this study we could examine the Cape
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York meteorite, but also sections of the Canyon Diablo meteorite which exhibit large regions of
swathing ferrite, in addition to plessite pools containing SWF.
Finally, perhaps the most important area of future research relates to the use of
W

’

y and

assign particular meteorites or meteoritic groups to hypothetical parent bodies. All cooling rate
models make the assumptions that the growth of Widmanstatten ferrite occurs under full
diffusion control and that the rate of thickening is not seriously inhibited by the availability of
ledges. In addition, all models must make assumptions regarding the temperature at which
Widmanstatten ferrite first nucleates. The hypothesis that we advanced in section 4.6 indeed
predicts that Widmanstatten plates should thicken under full diffusion control and our
experiments on the thickening rate of the ferrite precipitates strengthens this claim ( e.g. see
Fig 3.40 ) . In addition, our model predicts the highest temperature at which Widmanstatten
ferrite can form the Ws temperature ( Fig 5.2) . If we can calculate the Ws temperature form
e.g.; thermodynamic data, then we can provide a fully quantitative model for the growth rate of
W
meteorites.
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APPENDIX : THREE DIMENSIONAL RECONSTRUCTIONS
A.1 INTRODUCTION
In chapter 2, the process of serial sectioning was described in detail. However to obtain three
dimensional(3-D) images from optical micrographs , we need to describe the process of
alignment of images using Adobe Photoshop and subsequently converting them to 8 bit black
and white images so that they can be used in ImageJ, where we ultimately view the 3-D
reconstructions . In this appendix a brief description of the image alignment process is
provided, followed by the suitable conversion needed for it to be used in ImageJ. At this point
of time, due to pending copyright issues from Adobe, screen captures of the alignment and
conversion of the images to black and white cannot be provided. However a more detailed
explanation of the conversion process can be found in Kenneth Mei

J ’ [ ]P D

has also assisted me in this process and to whom grateful thanks are extended
A.2 IMAGE ALIGNMENT: ADOBE PHOTOSHOP
The image alignment process is explained in a sequential step by step manner
1. Make a copy of the original image files.
2. Open the first image file in Adobe Photoshop
3. Open the image file containing the second plane. In this case it is the second
optical micrograph which is taken after the first layer is polished off.
4. Duplicate the layer using the Layers window pull down.
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5. The images in each of the planes were aligned as per the schematic diagram in
Fig A.1

Plane 1

Plane 2

Plane 3
Microhardness
Indents

Raw
Photo

Determine
Angle

Rotate
Image

Align Images

Fig A.1: Schematic diagram describing the alignment of images using Adobe Photoshop. Note that microhardness
indents were used as fiducial markers, as described in Chapter 2.

Once all of the images comprising the individual planes of the serial polishing section have been
rotated and aligned, the samples can be converted into black and white images for
reconstruction using ImageJ. A detailed description of the conversion process requires usage of
screen captures from Adobe Photoshop and as mentioned earlier, due to pending permission
for usage of these screen captures from Adobe a detailed explanation will be found in [1].
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However in the following section a brief description of the process and subsequent viewing in
ImageJ is provided
A.3 THREE DIMENSIONAL RECONSTRUCTIONS: IMAGEJ
Firstly, the images which have been aligned need to be converted to black and white and
irrelevant areas to be deleted. If we look at a plessite pool for example in Fig 1.6, it has various
features such as the outer austenite rim, black plessite and secondary Widmanstatten ferrite
out of which we are interested in the morphology of secondary Widmanstatten ferrite. Hence
the other regions and bordering primary Widmanstatten ferrite plates, along with the
microhardness indents need to be removed. A sequential description of the process is provided
in a step by step manner.
1. One needs to highlight the phase or phases that we want to observe in the 3D
’

.

2. There are numerous tools available in image manipulation software, including the
“

”

phases with black, or erasing the area of interest. Modifying the levels of the image may
help to highlight the area of interest or eliminate the background. There are many
’
and the images that are being used. Note that these methods are also subjective and
rely on the knowledge of the microstructure and the images. In the current case, the
“

”

.
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3. Once the area of interest has been highlighted, one has to change the area of interest
.

“ Levels

”
Followed by Image-Adjustment-Levels. Change the white level to 253, and rightmost
output level to 0. This will convert the background to black. Flatten the image. The
image will now be black and white. Convert the image to grayscale. Image-ModeGrayscale.
4. Save the image files as tiff for importing into ImageJ.
5. Create a new image in using ImageJ. Use the dimensions of the individual photos and
the number of planes in the image to generate the new image stack.
6. Next we copy the individual images into the image stack, duplicating the images to fill in
the volume. Save the file.
7. Then, we use the 3D viewer from the pull down menu: Plugins-3D-ImageJ 3D Viewer.
Use display – volume.
The three dimensional reconstruction is ready to be viewed and rotated to obtain the
desired view. Screen captures of 3-D reconstructions is provided in chapter 3.
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