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The effect of Si on the relationship between
orientation and carbide morphology in high
chromium white irons
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Electron back-scatter diffraction (EBSD) has been shown to be the most appropriate

technique to study the orientation and carbide morphology of small ((0.5 lm) regions of

microstructure of high chromium white irons. The carbides in a slightly hypo-eutectic

Fe—Cr—C alloy show a distinct texture close to [1 0 11 1] whereas those in a 1.3 wt% Si

commercial white iron have a diffuse texture, with regions near to major crystal directions,

i.e., [0 0 1 1], [11 2 11 0], [0 1 11 0], unpopulated. Using EBSD, it has been shown that the

interconnectivity of the eutectic (Cr, Fe)
7
C

3
carbide is less in a 1.3 wt% Si alloy compared with

a low (0.1 wt %) Si alloy. This reduced interconnectivity is consistent with the increased

fracture toughness in the as-cast condition.
1. Introduction
The microstructure of high chromium white irons in
the as-cast condition consists of eutectic carbide,
(M

7
C

3
) in a matrix of austenite and a small quantity of

martensite and precipitated secondary carbides. It has
been demonstrated that the morphology of the eutec-
tic carbide phase is bundles of interconnected rods
having a hexagonal cross-section [1]. This intercon-
nectivity of the eutectic carbide is responsible for the
low fracture toughness of the alloy. Discontinuities in
the carbide rods can be produced by a high temper-
ature (&1473 K) heat-treatment [2]. Such discontinu-
ities increase the fracture toughness [3].

Some time ago, Diesburg and Borik [4] reported
that increasing the silicon content in an 18% Cr—2%
Mo—1% Cu—3% C (all compositions are given in
wt%) iron from 0.4 to 1.2—1.6% substantially in-
creased the k

IC
fracture toughness, k

IC
, in the as-cast

condition. Diesburg and Borik were unable to offer an
explanation for this unexpected increase in the frac-
ture toughness as a result of an increased silicon
content.

Electron back-scatter diffraction (EBSD) has been
previously shown to be an immensely valuable tool in
the crystallographic analysis of white irons [5, 6].
EBSD allows the orientation of regions of microstruc-
ture (0.5 lm in size to be measured on an individual
basis, from which information trends in the microtex-
ture of individual phases can be collated. Strain in the
microstructure can also be monitored qualitatively by
observation of the diffraction pattern blurredness.
A particular application of EBSD to white irons is

that the microtexture of each phase can be monitored
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concurrently and related to the microstructure. These
benefits are not available using X-ray texture tech-
niques; neither is transmission electron microscopy
the optimum tool for the examination of white irons
since the ‘‘in-situ composite’’ nature of the material
and the size of the carbides, typically a few microns in
diameter, present difficulties. EBSD has been used in
the presented work to measure individual areas of
carbide in a polished section: where the orientations
from such measurements are the same, it can be in-
ferred that they have arisen from connected branches
of the same carbide.

Previous work has shown that undercooled hy-
pereutectic Fe—Cr—C alloy rapidly grown from the
melt has a eutectic carbide morphology consisting of
fine rods joined together and having a weak [1 0 11 1]
microtexture and no evidence of simple twinning [7].
When 1.6% Si is added to 18% Cr white irons, the
nucleation of the eutectic M

7
C

3
carbide is inhibited

[8]. The present work aims to extend these prelimi-
nary results to correlate microstructure with morpho-
logy in these alloys and hence explain how a continu-
ous connected carbide morphology has developed and
whether the addition of 1.2—1.6% Si affects this devel-
opment thus increasing the fracture toughness.

2. Experimental procedure
Orientations from two specimens were analysed using
EBSD. They were:
(i) A ternary Fe—Cr—C (18% Cr, 2.8% C and 0.1%

Si) hypoeutectic alloy cooled slowly at 45 °C

per min from the melt to 1000 °C then water
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Figure 1 Microstructure of the Fe—Cr—C alloy. (a) Area showing
sampling points in the matrix (contamination marks). All the car-
bides have a similar orientation except for those marked. (b), (d)
examples of orientation-sampled areas with accompanying overlays
((c), (e) respectively) upon which similar orientations are indicated
by the same letter. Areas in rectangular boxes contain dissimilar
orientations.

white iron is that for the latter eutectic solidifi-
cation was complete before the water quench. The
microstructure is shown in Fig. 2(a—e).

The specimens were prepared by a combination of
polishing in colloidal silica and electropolishing in 5%
perchloric acid at 40V, !20 °C, for about 20 s. The
EBSD measurements were carried out using a diffrac-
quenched. The cooling has produced a microstruc-
ture of austenite dendrites with a coarse and fine
eutectic of M

7
C

3
plus austenite as is shown in

Fig. 1(a—e).
(ii) A remelt of a high chromium commercial white

iron, having 16% Cr, 1.5% Mo 1.69% Ni, 0.6%
Cu, 3.0% C and 1.3% Si. The sample was cooled
under similar conditions to the Fe—Cr—C alloy.
The significant microstructural difference between

the Fe—Cr—C alloy and the 1.3% Si commercial

562
tion system interfaced to a JEOL 6100 microscope.
The principles and practice of EBSD are described in
detail elsewhere [9].

Many of the regions selected for evaluation con-
tained carbide colonies which were either nearly par-
allel or perpendicular to the plane of polish. Orienta-
tions were measured at several positions in individual
carbide blades and rods, and also in the surrounding
austenite matrix. Either the diffraction pattern was
formally indexed on-line and saved to a data file, or
the pattern was simply observed in real time while the
probe was scanned across various regions of the
microstructure, i.e., along carbide rods/blades and

throughout the matrix, to monitor pattern changes.



Figure 2 Microstructure of 1.3% Si commercial white iron. (a), (b)
examples of orientation-sampled areas with accompanying overlays
((c), (d) respectively) upon which similar orientations are indicated
by the same letter. Areas in rectangular boxes contain dissimilar
orientations.

information, i.e., comparison of three-dimensional ori-
entation information from identified parts of the
microstructure.

First, all the data obtained for both carbides and
Where the pattern was observed to change, a quantit-
ative orientation evaluation was made and stored.

3. Results
The ‘‘primary data’’ from the EBSD experiments con-
sisted of an orientation, measured relative to fixed
axes in the microscope, for specific points on each
specimen in eight or more separate areas. Standard
data output from the EBSD software is in the form of
inverse pole figures (IPFs) or pole figures. Further

data processing is required to extract more detailed
matrix in each specimen were considered overall.
There was a noticeable difference between the quality
(i.e., blurredness) of diffraction patterns taken from the
matrix of the Fe—Cr—C alloy and the 1.3% Si commer-
cial white iron; the former were far more blurred than
the latter. This is demonstrated by comparison of the
two diffraction patterns, arising from the austenite
phase of the Fe—Cr—C alloy and the 1.3% Si commer-
cial white iron, as shown in Fig. 3(a and b) respective-
ly. Furthermore, in addition to the inferred strain in
the Fe—Cr—C alloy there were pattern shifts of a few
degrees over distances of approximately 1 lm. The
scatter across one region of matrix in the Fe—Cr—C
alloy was investigated; the misorientation between the
fourteen sampling points is 2.6° on average, ranging

from 0.6—4.3°. The row of sampling points is evident in
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Figure 3 Electron back-scatter diffraction patterns from the matrix
of (a) Fe—Cr—C alloy and (b) 1.3% Si commercial white iron show-
ing evidence of more lattice strain in the former.

Fig. 1a. All these observations are evidence of con-
siderable lattice strain in the Fe—Cr—C alloy which
was absent in the 1.3% Si commercial white iron.

The overall microtexture of the two specimens was
very different. Fig. 4(a and b) show IPFs (specimen
surface normal direction) from carbides in the
Fe—Cr—C alloy and the 1.3% Si commercial white
iron. The former shows quite a distinct texture close to
[1 0 11 1] whereas the latter has a diffuse texture, with
regions near to major crystal directions, i.e., [0 0 1 1],
[11 2 11 0], [0 1 11 0], unpopulated. In almost every
sampled area a matrix orientation was also measured,
and these are shown on IPFs in Fig. 5(a and b). A near
[1 2 0] direction normal to the specimen surface is
apparent for the Fe—Cr—C alloy. The orientation rela-
tionship between a carbide having a normal direction
very near [0 1 11 0] and the adjacent matrix with ori-
entation near M1 0 0N S00 1T, i.e., an ‘‘idealized case’’, is
27°/100, implying a simple orientation relationship
between matrix and carbide for this specimen.

Individual orientation were output in numerical
format as Euler angles. Figs. 1(a—e) and 2(a—e) include
examples of the orientations mapped onto overlays of
the micrographs in order to show the orientation at
each quantitatively sampled location. The Euler angle
tables were analysed carefully in order to identify and
group like orientations, i.e., those for which the ori-
entation difference was within 10° and so it was in-

ferred that they represented the same carbide grain.
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Figure 4 Inverse pole figures (normal direction) from (a) carbides in
Fe—Cr—C alloy, (b) carbides in 1.3% Si commercial white iron.
There is a far stronger microtexture in the Fe—Cr—C alloy.

Figure 5 Inverse pole figures (normal direction) from (a) the matrix
in Fe—Cr—C alloys, (b) matrix in 1.3% Si commercial white iron.

Visual tracking of pattern changes which was noted
during data collection was used to confirm the group-
ing process. The carbide grains are labelled a, b, c etc
on Fig. 1(c and e) and Fig. 2(b and d). The letters
represent the diffraction patterns actually indexed
during the investigation, which does not include
points where the diffraction pattern was inspected and
found to be so similar to the previous pattern that it
was not re-indexed. Also use of the same letters on
different micrographs does not imply that the orienta-
tions are the same.

It is estimated that the orientation determinations
are accurate to 3° for the cases reported here. This
slightly degraded accuracy is because often the pat-
terns were only of intermediate quality, due to the
compromise in specimen preparation necessary to
obtain patterns concurrently from the matrix and

carbides. Sometimes the observed shifts between



diffraction patterns were up to 10°—this is a real
effect since shifts of this magnitude were confirmed
visually. These have been counted in the same group,
i.e., as the same carbide.

Figs. 1(a—e) and 2(a—e) show the relationship be-
tween a few of the sampled orientations and the
microstructure. The areas investigated included car-
bide rods parallel to the specimen surface, perpendicu-
lar to the surface, and intermediate rod geometries, as
seen in Figs. 1(a—e) and 2(a—e). Orientation features of
particular interest are those outlined by a rectangle in
Fig. 1(b and d) and Fig. 2(a, b and e). If these are
compared to regions on the respective overlays
(Fig. 1(b and d) Fig. 2(c and d) it can be seen that they
contain more than one orientation (within 10°) even
though this is not indicated by any microstructural
feature. In Fig. 1a, all the carbide orientations are the
same except for those marked.

4. Discussion
The processing of the EBSD data reported above
allows several deductions to be made about the car-
bide morphology, as follows. There were more local
orientation changes in the 1.3% Si commercial white
iron than in the Fe—Cr—C alloy, which is highlighted
by the greater number of letters used on the orienta-
tion micrographs of the former. Where sections
through adjacent carbides are coded by the same letter
(,orientation), the implication is that they are
branches of the same carbide. Clearly then there is
more connectivity of the carbide network in the
Fe—Cr—C alloy than the 1.3% Si commercial white
iron.

This effect of silicon in 1.3% Si commercial white
iron in reducing the connectivity of the eutectic car-
bide network is the probable cause of the improved
fracture toughness of high chromium white irons con-
taining 1.2—1.6% Si reported by Diesburg and Borik
[4]. The production of discontinuities by heat-treat-
ment [2] has increased fracture toughness [3]. This
variation in the connectivity of the eutectic carbide is
supported by the greater strain in the Fe—Cr—C alloy
with more connectivity of the eutectic carbide net-
work. One of the authors [10] has shown that, during
cooling of a high chromium white iron, strain is intro-
duced as the result of a difference in the coefficient of
thermal expansion between the M

7
C

3
eutectic carbide

rods and the austenitic matrix. Less strain implies less
connectivity for the 1.3% Si commercial white iron.

There are some examples on both specimens where
there is an orientation change within a carbide, or at
adjacent sections through carbides, as discussed in the
previous section. The orientation changes within
a single sectioned carbide provide evidence that they
are polycrystalline, even though the boundaries are
not visible on micrographs. The inference of these

different orientations in adjacent carbide sections is
not entirely conclusive; they are probably from un-
joined carbides, but since polycrystalline carbides are
proved to be present, it is possible that they may be
branches of the same carbide. As shown in Figs. 1(a—e)
and 2(a—e), sections through carbide blades usually
have the same orientation and are therefore
connected.

The reason for the effect of silicon is not entirely
clear. It does not appear that the effect of silicon is
simply to change orientation and carbide morphology
via undercooling as a texture near [0 1 11 0] has been
reported previously in an undercooled Fe—Cr—C alloy
[7]. It is more likely that silicon as an element has an
effect on the growth of the M

7
C

3
eutectic carbide.

5. Conclusions
(1) There are clear microtextural differences between

the white iron specimens, having undergone differ-
ent cooling regimes, which are linked to the mor-
phology of the carbides. The carbides in the
Fe—Cr—C alloy show a distinct texture close to
[0 1 11 0] whereas those in the 1.3% Si commercial
white iron have a diffuse texture, with regions near
to major crystal directions, i.e., [0 0 1 1], [11 2 11 0],
[0 1 11 0], unpopulated. Both inverse pole figures
and orientation micrographs show that carbides
are more connected in the Fe—Cr—C alloy than in
1.3% Si commercial white iron.

(2) Less connectivity in the 1.3% Si commercial white
iron is the probable cause of the higher fracture
toughness in the as-cast condition when 1.2—1.6%
Si is added.

(3) The polycrystalline nature of some carbide net-
works was also revealed.
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