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White cast irons have a microstructure composed of a ferrous matrix with hexagonal and/or
orthorhombic carbides, M,C; and M;C, respectively. The US Bureau of Mines has
implemented a study programme to improve microstructure and thereby wear resistance of
these alloys. This work included electron back-scatter diffraction in a scanning electron
microscope to identify the hexagonal and orthorhombic phases from their crystallography and
subsequently establish their microtextures. Crystal structures of these carbides were identified
and their microtextures were obtained from specific spatial locations within micrometre
resolution. Such resolution allowed the identification of thin shells of M;C (1-5 pm thick) to
be distinguished from cores of M;C, (10-20 um thick). Microtexture results showed that
M, C, carbides without M;C shells grew predominantly in the [0 00 1] direction, whereas
those with M,C shells were much less textured with the M,C shell phase having a random

microtexture.

1. Introduction

White cast irons are widely used in environments
where high abrasion and impact resistance is of major
importance. Essentially their microstructure consists
of hexagonal and/or orthorhombic carbides embed-
ded within a face-centred cubic austenitic (yFe) and/or
body-centred tetragonal martensitic matrix [1-3].
The US Bureau of Mines has implemented a study
programme to improve the wear-resistant properties
of these alloys by exploiting certain aspects of their
carbide morphology and phase structure [4-6]. In
this report, a feasibility assessment is given of applying
electron back-scatter diffraction (EBSD) to both iden-
tification of the constituent phases and subsequent
microtexture measurement in these irons.

EBSD is a relatively new scanning electron micro-
scope (SEM)-based technique which allows orienta-
tions (textures) to be measured on an individual,
spatially specific basis from phases identified by the
crystallographic information contained in the diffrac-
tion pattern [7-9]. EBSD is, in most cases, the
optimum means of obtaining “microtexture” (i.e. spa-
tially specific orientations) and has been applied ex-
tensively to cubic materials which can be readily
analysed on-line within the SEM (e.g. [10-137). The
particular attraction of EBSD for microstructural
studies of white cast irons is that investigations are
carried out on bulk polished specimens. Alternatively,
if transmission electron microscopy is used the dispar-
ate nature of the iron specimen renders foil pre-
paration a difficult task.
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Hitherto, the application of EBSD to the micro-
texture of crystal structures which are more complex
than cubic has not been explored in detail. Primarily,
the interpretation of the Kikuchi diffraction pattern
becomes increasingly difficult as the crystal symmetry
decreases. Once diffraction patterns are unambigu-
ously identified and indexed for a whole stereographic
unit triangle of the particular crystal system, micro-
texture measurement becomes a pattern-matching
routine. The data reported here illustrate these pro-
cedures for both the hexagonal and orthorhombic
carbide phases. The ultimate aim of measuring the
orientations and orienfation relationships between
phases in these white cast irons is to elucidate the
growth mechanisms of the constituent carbides.

2. Experimental procedure

Two types of white cast iron specimens were examined
and their compositions are given in Table 1. Both
specimens were sectioned from the interiors of larger
200 g samples that were slow cooled at 0.017 Ks™!
from the liquidus. Fig. 1a and b show scanning elec-
tron micrographs of Specimens 1 and 2 after deep
etching with 75% HCI, 24% HNO, and 1% HF (ali
wt %) to remove the ferrous matrix. The view shown
in Fig. 1a is of an eutectic colony in Specimen 1
consisting entirely of hexagonal metal carbides having
a stoichiometry of M,C, [1, 2]. Fig. 1b shows the
duplex carbide morphology of Specimen 2. These
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TABLE I Compositions of Specimens 1 and 2. Heavy elements
were measured by X-ray fluorescence and carbon by gas analysis.

Specimen Composition (wt %)

Fe Cr Ni C Si Total (%)
1 81.6 89 62 326 2.3 102.4
2 82.6 86 57 369 0.3 100.9

Figure 1 Scanning electron micrographs of deep-etched Specimens
1 (a) and 2 (b). Specimen 1 consists entirely of hexagonal M,C,
eutectic carbide while Specimen 2 consists of a duplex mixture of
hexagonal M,C; and orthorhombic M,C carbide. The clusters of
small needles appearing in both (a) and (b) are M;C carbides
formed by solid-state reaction upon cooling (marked in a).

carbides consist of thin shells (1-5 pm) of orthorhom-
bic carbide with a stoichiometry of M;C surrounding
cores (10-20 pm) of hexagonal M,C, carbide [1,2]. In
this latter specimen, duplexing results from an initial
eutectic reaction of L - M,C; + yFe followed by a
peritectic reaction of L + M;C; » M;C + yFe. The
carbide morphology of Specimen 2 consists of rods,
laths, and some plate-like forms which are attributed
to the orthorhombic M;C carbide.

One method of discriminating between the M;C
shells and M,C; cores is to use the electron back-
scatter mode in the SEM [1]. Fig. 2 shows the various
phases that can be identified in Specimen 2 via atomic
number differences under such imaging. This feature
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Figure 2 Electron backscatter micrograph of Specimen 2. The cores
of low-density hexagonal M,C; carbides appear dark next to the
shells of higher density orthorhombic M,C carbides. The fcc
austenite appears the lightest with some plates of martensite ap-
pearing as dark streaks within the austenite.

allowed a simple verification of on-line EBSD obser-
vations. It should be noted that additional details of
the chemistry and formation of these irons can be
found elsewhere [1, 2].

The hexagonal M,C; is classified as point group
o/mmm (holosymmetric) which has a rotation hexad
and perpendicular mirror plane associated with the
[0001] axis combined with a diad and mirror plane
associated both with the x, y, u axes and with the
directions {1120 [14]. The lattice parameters are
a=10.6921 nm and ¢ = 04508 nm [2]. The ortho-
rhombic M;C is point group mmm (holosymmetric)
which has a rotation diad and a mirror plane associ-
ated with each of the reference axes x, y, z [14] with
lattice parameters of a = 0.5070, b = 0.6733, and
¢ = 0.4520 nm [2].

After metallographic preparation, specimens were
polished in a Syton silica/alkali suspension to remove
any surface damage which might otherwise degrade
the quality of the diffraction patterns. EBSD work was
performed in a Jeol 840 SEM using a probe voltage of
20 kV and a current of 10 nA.

Diffraction patterns were simultaneously viewed on
a monitor screen and recorded on photographic film
using a plate camera. The camera was assembled and
built in-house at Bristol University. The photographic
image offers two distinct advantages over interro-
gating the live pattern; more detail is resolved within
the Kikuchi pattern and the angular field of view
is greater, typically 85° x 60°.

3. Discussion

3.1. Diffraction patterns

Materials having cubic symmetry allow the ready
identification of major poles from their diffraction
patterns: this is the basis of on-line orientation deter-
mination. In the present work, diffraction patterns
from the carbides could not be readily indexed on-
screen: in fact, it was usually impossible to differentiate
between hexagonal and orthorhombic patterns. An
exception was the case when the hexad axis, which is



easy to recognize because of its striking six-fold sym-
metry, was near the centre of the pattern. Otherwise
orientations were often obtained from photographi-
cally recorded patterns.

An essential part of the pattern recognition and
interpretation process was the formulation of hexa-
gonal and orthorhombic Kikuchi maps covering a
complete stereographic unit triangle. The area of the
hexagonal and orthorhombic triangles were 1/24 and
1/8 of the respective reference spheres. Identification of
individual patterns was performed by identifying the
crystal symmetry elements (i.e. mirror planes, rotation
axes) in concert with the measurement of the inter-
zonal or interplanar angles. This latter measurement
was simplified through the use of an EBSD pattern
simulation program [15]. Lastly, for both visual in-
spection and angular measurements the distortions
inherent in gnomonic projection had to be taken into
account.

Fig. 3 shows the indexed Kikuchi map for the
hexagonal phase. The three mirror planes and corres-
ponding major zone axes are labelled. Patterns may
either match directly or be mirror reflected with re-
spect to the map, which means that the indexing must
be adjusted accordingly to allow for the handedness of
the hexagonal unit triangle.

Fig. 4 is the Kikuchi map for the orthorhombic
phase. Although only two diffraction patterns were
required for the hexagonal Kikuchi map, the ortho-
rhombic map required several patterns. In the former,
the spherical triangle has an angular area of 90° x 90°
x 30° whilst the latter encompasses a much larger area
of 90° x 90° x 90°. A further consequence of the large
angular area in the orthorhombic case is that its
sphericity precludes straightforward representation of
the whole map in two dimensions, that is, on the
printed page. Hence, Fig. 4 is presented in two parts
which join at a and b as labelled. The crystal axes
[001], [010] and [100] are labelled. Orientations

from orthorhombic carbides are obtained by reference
to the unit triangle map in a similar manner to that for
hexagonal carbides. In both cases, the hexagonal and
orthorhombic Kikuchi maps provide all the necessary
information to index subsequent patterns for both
carbides.

3.2. Microtexture measurements

Fig. 5a and b are inverse pole figures of the direction
normal to the specimen surface for hexagonal M,C;
carbides in Specimens | and 2, respectively. For con-
venience all data were plotted in a single unit triangle.
Microtexture analysis of Specimen | reported in Fig.
5a, containing only eutectic hexagonal M,C; carbides
was confined to one eutectic colony. Furthermore, this
colony was selected such that the sectioned plane
appeared to intersect the carbides dominant growth
direction, i.e. the [000 1] axis. Hence, the purpose of
this microtexture assessment was to determine
whether or not individual carbides within the eutectic
colony grow under coupled conditions. Fig. 5a shows
that a very strong microtexture exists along the
[0001] axis. This evidence of a preferred growth
direction is in accord with transmission electron
microscopy studies done by Pearce [16]. In addition
to the quantitative data in Fig. 5a, many other quali-
tative observations on other eutectic colonies similarly
oriented were made supporting this very strong micro-
texture and hence coupled growth within individual
eutectic colonies. Although coupled growth during
unidirectional solidification of Fe—Cr—C alloys is well
known [17-197, the nucleation and growth behaviour
of randomly oriented eutectic grains in these alloys is
not well known. This very interesting result of coupled
growth within the Fe—-Cr-C eutectic grain supports
the hypothesis by Powell [20] that growth occurs
from a single nucleation site. Therefore, if the number
of heterogeneous nucleation sites could be increased,

Figure 3 Kikuchi map for hexagonal M,C; carbide showing the 1/24 unit triangle that is sufficient for all subsequent hexagonal carbide

pattern matching.
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Figure 4 Kikuchi map for orthorhombic M,C carbide showing the 1/8 unit triangle that is sufficient for all subsequent orthorhombic carbide

pattern matching.
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Figure 5 Inverse pole figures of (a) hexagonal M,C; from Specimen I (b) hexagonal M,C; from Specimen 2, and (c) orthorhombic M,C from

Specimen 2.

then it would follow that a refinement of the eutectic
grain size would occur in these Fe-Cr—C alloys.
However, in Specimen 2 the duplex (hexagonal
core/orthorhombic shell) carbides indicate a far more
random texture as shown in Fig. 5b. It appears that
the growth characteristics of the hexagbnal carbides
were modified during the peritectic growth of the
orthorhombic shell. Owing to the nature of the peri-
tectic reaction of absorbing some of the former hexa-
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gonal carbide, it is difficult to measure the exact
orientation of individual hexagonal cores. As such,
this result is tentative at this time.

Fig. 5c is the corresponding inverse pole figure for
the orthorhombic M;C phase. No orientation rela-
tionship is observed between individual orthorhombic
carbides. It would appear that although it is likely that
the orthorhombic carbide would nucleate on the exist-
ing hexagonal carbides, no specific nucleation rela-



tionship dominates the subsequent carbide growth.
This result is plausible considering the rapid and
orthotropic growth characteristics of the orthorhom-
bic carbide in Fe-C alloys [21, 22].

4. Conclusions

One important feature of this work is that Kikuchi
maps are presented for the unit triangles of hexagonal
M,C; and orthorhombic M;C carbides. With these
maps it was possible to interrogate numerous hexa-
gonal and orthorhombic carbides for microtexture
relationships on a micrometre basis over a large spa-
tial area. This key ability to cover large areas on one
contiguous specimen allows definitive microtexture
measurements to be made, for the first time, over
many Fe-Cr—C eutectic grains.

Application of this technique allowed the following
conclusions to be drawn.

1. A strong preferred [0001] growth direction
exists for the Fe-Cr—C hexagonal carbide in white cast
irons.

2. Coupled growth occurs within the eutectic grain
of the Fe~Cr—C specimen containing only hexagonal
carbides.

3. Such coupled growth is believed to occur from a
single nucleation site within the eutectic grain.

4. No specific microtexture relationship could be
discerned for the duplex carbide consisting of a hexa-
gonal core surrounded by an orthorhombic shell.

5. Fe-Cr—C orthorhombic carbides exhibit no sign
of coupled growth during peritectic solidification.
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