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Orientation relationships between TiB (B27), B2, and Ti3Al phases
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The orientation relationships among TiB (B27), B2, and Ti3Al phases have been
investigated by transmission electron microscopy. By using the composite selected-area
electron diffraction technique, the orientation relationship between TiB (B27) and B2 was
determined to be [100]TiBjj[001]B2, (001)TiBjj(010)B2; and that between TiB (B27) and
Ti3Al was ½010�TiBjj½1120�Ti3Al, ð001ÞTiBjjð0001ÞTi3Al. These orientation relationships
have been predicted precisely by the method of coincidence of reciprocal lattice points.

I. INTRODUCTION

TiAl alloys are promising materials for application in
aerospace and automotive engine components due to
their low-density and good high-temperature proper-
ties.1–3 Extensive efforts have been devoted to studying
their possible technological applications in past dec-
ades.4–6 It is suggested that the addition of boron in TiAl
has two effects that can significantly improve the me-
chanical properties of TiAl alloys7,8: one is grain refine-
ment, and the other is dispersion strengthening by
borides. The effect of grain refinement of boron in TiAl
alloys can be summarized as follows9: on one hand,
there is a minimum boron level required for grain refine-
ment, and it is alloy composition-dependent. If the boron
concentration is below this critical level, no grain refine-
ment can be achieved: on the other hand, as soon as the
alloys are fully grain refined, any excess boron concen-
tration does not contribute to a further reduction in grain
size. Because the morphologies and structures of borides
have a significant impact on the properties of TiAl alloys
with boron addition, much effort has been devoted to
investigating the morphologies and structures of borides
in TiAl alloys. The morphologies ranging from needle
through flake to block particles have been reported in
different alloy systems.10–12 For the categories of bor-
ides, both monoborides and diborides have been found
in TiAl alloys with the addition of boron. It has been

proposed that the strong boride formers, such as W, Ta,
and Nb, change the prevalent titanium boride form from
TiB2 to TiB.13

In the past, the orientation relationships of borides
with a, b, and g phases have been widely investi-
gated.11,14 However, although it is also of significant
importance, the orientation relationship between TiB
and a2-Ti3Al is still unknown. On the other hand, al-
though B.J. Inkson et al.15 revealed the orientation rela-
tionship between TiB2 and B2, and U. Kitkamthorn
et al.16,17 examined the orientation relationship between
TiB (Bf) and B2, the orientation relationship between
TiB (B27) and B2 has not been reported. (TiB phase
has two kinds of structures, Bf and B27.15) Therefore,
in the present study, the orientation relationships be-
tween TiB (B27), B2, and Ti3Al phases have been inves-
tigated using transmission electron microscopy (TEM).
These orientation relationships have been predicted pre-
cisely by the method of coincidence of reciprocal lattice
points (CRLP).

II. EXPERIMENTAL

The alloy with nominal composition of Ti–45Al–
8Nb–0.2W–0.2B–0.02Y (at.%) was prepared using the
consumable electrode arc-melting technique under argon
protection, and it was remelted in a vacuum skull melt-
ing furnace to reduce composition heterogeneity. An
ingot with a diameter of 120 mm and a height of 420 mm
was cast, and then hot isostatic was pressed to elimi-
nate casting porosity. Chemical analyses indicated that
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the composition of the ingot matched the nominal compo-
sition within the experimental error. The forging billet
was machined from the ingot, canned, and forged at the
(a + g) phase region to a height reduction of more than
75%. For the TEM observation, slices of approximately
0.4-mm thickness were cut from the as-forged alloys.
The slices were mechanically ground from both sides to
approximately 30 mm and then thinned by standard twin-
jet polishing or ion milling. The thin foils were examined
in a JEOL-2010 high-resolution transmission electron
microscope (Tokyo, Japan).

III. RESULTS AND DISCUSSION

Although TiB phase has two kinds of structures,
namely Bf and B27, the TiB precipitate in the present
study has the B27 structure. Figure 1 shows an example
of a B2 particle (Ti51Al33Nb16 at.%) precipitating from
TiB (B27) phase (a) and the corresponding composite
selected-area electron diffraction pattern (b), from which
their orientation relationship can directly be written as:

½100�TiBjj½001�B2; ð001ÞTiBjjð010ÞB2 : ð1Þ
One can note that there are lots of stacking faults in the

TiB (B27) particle that cause the elongation of its diffrac-
tion patterns along (001)TiB direction. Likewise, Fig. 2
shows a TiB (B27) plate precipitating from a2-Ti3Al
phase (a) and the corresponding composite selected-area
electron diffraction pattern (b), from which their orienta-
tion relationship can directly be written as:

½010�TiBjj½112�0�Ti3Al; ð001ÞTiBjjð0001ÞTi3Al : ð2Þ
In the following, we shall show that these orientation

relationships can be predicted by CRLP, which has been
proved to be powerful and accurate in analyzing orienta-
tion relationships between two adjoining crystals.18–21

The CRLP method was first proposed by Ikuhara and
Pirouz,18 in which the overlap of reciprocal lattice points
(RLP) of two adjoining crystals is used to obtain a geo-
metrically optimum orientation relationship between the
two crystals. Each RLP, corresponding to the reciprocal
lattice vector g, is represented by a sphere of radius r*
around the reciprocal lattice point. It is then hypothe-
sized that the orientation relationship favored between
two adjoining crystals is the one in which the sum of the
overlapping volumes is maximized. Given the primitive
unit cell parameters of the two adjoining lattices and the
radius r*, the sum of all overlapping volumes V(y, c) is
calculated as a function of rotations y and c about the
orthogonal axes of one of the lattices. Assuming that the
origins of the reciprocal lattices of the two crystals are
coincident in the three-dimensional (3-D) reciprocal
space, one of the crystals is rotated. The summation in
V(y, c) is carried out over all RLPs up to a maximum
distance R* in the composite reciprocal lattice. Then,

V(y, c) is plotted against (y, c). In all of the cases that
have been calculated, the main peaks in the plots repre-
sent the preferential orientation relationships. In the two
variances r* and R*, the maximum distance R* has little
influence on the calculation results if its value is large
enough; however, a smaller radius r* will improve the
distinguishability of the plots.

FIG. 1. Bright-field image showing (a) the precipitating of B2 from

TiB (B27) phase, and (b) the corresponding composite selected-

area electron diffraction pattern. The contours of B2 are underlined.

The orientation relationship can be described as [100]TiB||[001]B2,

(001)TiB||(010)B2.
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We have computed and plotted V (y, c) versus (y, c)
for the TiB (B27)/B2 and TiB (B27)/Ti3Al systems, re-
spectively. To simplify the calculation and the plots, it is
useful to consider the symmetry of the reciprocal lattices.
For TiB (B27) with space group Pnma, the reciprocal
lattice has a point group of mmm, which means that the
V (y, c)-(y, c)p plot should have a minimum repetitive
unit in the range of y g = 0–90� andc = 0–90�, the residual

parts of plot can be obtained by its symmetry operations.
Therefore, only the part of 3Dg plot corresponding to y =
0–90� and c = 0–90� is shown in the present article.
The calculation of TiB (B27)/B2 system started from

the orientation as shown in Fig. 3(a). The low-index
directions of the two crystals are set to be parallel, i.e.,
½100�TiBjj½001�B2 and ½001�TiBjj½010�B2. In fact, the initial
orientation can be random. As shown in Fig. 3(b), the
calculated 3Dg plot of TiB (B27)/B2 system has five
predominant peaks (No. 1 � No. 5), which appear at

FIG. 2. Bright-field image showing (a) the precipitating of TiB (B27)

from Ti3Al phase, and (b) the corresponding composite selected-area

electron diffraction pattern. The orientation relationship can be de-

scribed as ½010�TiBjj½11�20�Ti3Al, ð001ÞTiBjjð0001ÞTi3Al.

FIG. 3. (a) Assumed orientation relationship from which the calcula-

tion of TiB (B27)/B2 system started, (b) 3-D plot of V(y, c) for

rotations of y and c (r* = 0.1a*, R* = 3a*). Note that the five main

peaks (No. 1 � No. 5) correspond to the preferential orientation

relationships.
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y1 = 0�, c1 = 0�; y2 = 0�, c2 = 90�; y3 = 90�, c3 = 90�;
y4 = 90�, c4 = 0�; and y5 = 90�, c5 = 45�, respectively.
Because B2 structure has a tetrad axis along <001>
directions, the main peaks from No. 1 to No. 4 are
equivalent, which correspond to the orientation relation-
ship of Eq. (1). The other strong peak (No. 5, y5 = 90�,
c5 = 45�) represents the orientation relationship of
[304]TiBjj[001]B2, (010)TiBjj(010)B2 that may also exist,
although it has not been observed in the present study.
Likewise, the calculation of TiB (B27)/Ti3Al system
started from the orientation as shown in Fig. 4(a). The

low-index directions of the two crystals are set to be
parallel, i.e., ½001�TiBjj½0001�Ti3Al and ½100�TiBjj½2�1�10�Ti3Al
As shown in Fig. 4(b), the calculated 3Dg plot of TiB
(B27)/Ti3Al system has four predominant peaks (No. 1�
No. 4), which appear at y1 = 0�,c1 = 0�; y2 = 0�, c2 = 30�;
y3 = 0�, c3 = 60�; and y4 = 0�, c4 = 90�, respectively.
Because a2-Ti3Al structure has a hexad axis along [0001]
direction, the peaks No. 1 and No. 3 and No. 2 and No. 4
are equivalent, respectively. The peaks No. 2 and No. 4
correspond to the orientation relationship of Eq. (2). The
other two strong peaks (No. 1 and No. 3) correspond to
the orientation relationship of ½010�TiBjj<01�10>Ti3Al,
ð001ÞTiBjjð0001ÞTi3Al that may also exist, although it has
not been observed in the present study.

The edge-to-edge matching model developed by Zhang
and Kelly22–24 also has the ability to predict the orientation
relationships for a given system based on the crystal struc-
tures. It is interesting to compare the results predicted by
CRLP and those by the edge-to-edge matching model.
According to the edge-to-edge matching model, the inter-
atomic spacing misfit (%) along matching directions
should be less than a critical value 10%, and the d-value
mismatch (%) between possible matching planes should
be less than 6%. Applying to the systems in this article, the
interatomic spacing misfit (%) along matching directions
[100]TiBjj[001]B2 and ½010�TiBjj½11�20�Ti3Al are �3.3 and
6.5%, respectively. They fit the critical value of the edge-
to-edge matching model (<10%). The d-value mismatch
(%) between possible matching planes (003)TiBjj(020)B2
and ð001ÞTiBjjð0001ÞTi3Al are �3.9 and �1.8%, respec-
tively. They also fit the critical value of the edge-to-edge
matching model (<6%). Therefore, the edge-to-edge
matching model will give a similar orientation relation-
ships as those by CRLP.

IV. CONCLUSIONS

In the present study, the orientation relationships
among TiB (B27), B2, and Ti3Al phases have been inves-
tigated by transmission electron microscopy. Through the
analyses of composite selected-area electron-diffraction
patterns, the orientation relationship between TiB (B27)
and B2 was determined to be [100]TiBjj[001]B2, (001)TiBjj
(010)B2; and that between TiB (B27) and Ti3Al was
½010�TiBjj½11�20�Ti3Al, ð001ÞTiBjjð0001ÞTi3Al. According to
the calculations by CRLP, these orientation relationships
were attributed to the largest overlap of their reciprocal
lattices.
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FIG. 4. (a) Assumed orientation relationship from which the calcula-

tion of TiB (B27)/Ti3Al system started, (b) 3-D plot of V(y, c) for
rotations of y and c (r* = 0.15a*, R* = 3a*). Note that the four main

peaks (No. 1 � No. 4) correspond to the preferential orientation

relationships.
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