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Abstract: The as-cast Ti-1100—0.10B alloy was prepared by a vacuum induction-melting technology. The microstructural
characterization of in situ synthesized TiB and the interfacial structure of TiB/Ti matrix were systematically investigated. The results
demonstrate that the TiB phase precipitates preferably at the prior § grain boundaries. The TiB phase grows along [010] direction
with a typical needle-like morphology. The transversal section of TiB is hexagonal, and the interfaces between TiB and the Ti matrix
are clean without precipitation phase. The stacking faults are observed on the (100) plane of the TiB phase, which are ascribed to the
locations of boron (B) atoms in the crystal structure of TiB and the lattice mismatch energy between TiB and Ti matrix.
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1 Introduction

High temperature Ti alloys are widely used in
aerospace engines due to the combination of excellent
properties, such as high specific strength and ability to
withstand elevated temperatures up to 600 °C [1-3]. In
recently, boron (B)-modified Ti alloys containing B less
than 1.5% (mass fraction) have attracted considerable
interest because of the increased strength, stiffness,
fatigue resistance and wear resistance as compared with
the matrix alloys [4, 5]. The addition of B to Ti alloys
may precipitate intermetallic TiB phase by an in situ
chemical reaction [6]. The previous papers have reported
that the volume fraction and the distribution of the TiB
phase in Ti alloys play a significant role in the
improvement of the strength at room and elevated
temperatures [4,7-9]. As is known to all that the density
of TiB is comparable with that of Ti, and the stiffness is
about five times higher than that of Ti. Therefore, the
TiB phase provides significant increase in strength and
stiffness without increasing the density. In addition, TiB
is both thermomechanically stable and essentially
insoluble in Ti at all temperatures in the solid state.
Moreover, TiB has excellent crystallographic
compatibility with Ti, which provides atomically sharp
interfaces and chemical compatibility. The coefficient of

thermal expansion of TiB is comparable with that of Ti,
which avoids residual stresses at the interfaces during the
cooling process [10—12]. As described above, the TiB
phase offers unique and wide prospect of application. It
is necessary to investigate the formation mechanism of
TiB and the interfacial structure of TiB/Ti matrix during
the synthesis processing.

Several studies have been focused on this aspect
with particular attention on the manufacturing of TiB
by different processing routes, including common
casting [13,14], powder metallurgy [15], mechanical
alloying [16], self-propagation  high-temperature
synthesis (SHS) [17], spark plasma sintering (SPS)
[18,19], and rapid solidification method [20]. Among
these techniques, the casting technique was used widely
due to its effectiveness and simplicity. For example, it
was reported that Ti—6Al-4V [12], Timetal 21S [21],
Ti-6242 [22], and Timetal 685 [23] alloys with minor
addition of B were successfully prepared by casting and
evaluated by the microstructure observation and
mechanical properties testing. However, very little
information is available in literature on B-modified
as-cast high temperature Ti alloys, and no systematic
study on the evolution of the TiB phase in the cast alloy
is reported. Thus, it would be interesting to know the
effect of minor addition of B on high temperature Ti
alloys in the as-cast condition.

Foundation item: Projects (51001041, 51171054) supported by the National Natural Science Foundation of China
Corresponding author: Zun-jie WEI Tel: +86-451-86418740; Fax: +86-451-86418131; E-mail: weizj@hit.edu.cn

DOI: 10.1016/S1003-6326(15)63833-X



Bin-guo FU, et al/Trans. Nonferrous Met. Soc. China 25(2015) 2206—2213 2207

In present work, the TiB phase was in situ
synthesized in the Ti-1100—0.10B alloy by a vacuum
induction-melting (VIM) technology. The characteristic
of TiB and interfacial structure of TiB/Ti matrix in the
alloys were studied. The purpose of this work is to
investigate the morphologies of TiB and the TiB/Ti
matrix interfaces to explore the formation mechanism of
in situ TiB phase in Ti-1100—0.10B alloy.

2 Experimental

Sponge Ti (99.80%, mass fraction), high purity Al
(99.99%, mass fraction), pure Sn (99.90%, mass
fraction), sponge Zr (99.40%, mass fraction), pure Mo
(99.95%, mass fraction), pure Si (99.50%, mass fraction)
and pure B powder (99.50%, mass fraction) were used as
raw materials. The Ti-1100—0.10B alloy was prepared in
a VIM furnace. In order to improve the efficiency of
melting and reduce the evaporation, the above mentioned
materials were compressed into blocks by a pressing
equipment before the melting process. The melting
stocks weighing 4 kg were melted in a sealed chamber,
where a controlled atmosphere of dry high purity argon
(99.999%) was maintained at 1000 Pa. Before heating,
the chamber was evacuated up to 107> Pa and backfilled
with argon three times in order to minimize the oxygen
content. After the raw materials were completely melted,
the temperature measurements were carried out by the
type C (W—5Re/W—26Re) immersion thermocouple with
a Mo—Al,O; protection and the melt was kept at 1973 K
for 2 min. Finally, the alloy melt was poured into a
graphite mould and the solidified sample was obtained
with a thickness of 12 mm. The chemical compositions
of the cast alloy measured by fluorescent spectrometer
technique are given in Table 1, and the main chemical
compositions were closely controlled to the nominal
value.

Table 1 Chemical compositions of cast alloy
Mass fraction/%

Item
Sn Zr Mo Si B Ti

Nominal 6.0 2.7 4.0 040 045 0.10 Bal
Actual 6.1 26 38 038 044 0.09 Bal

The microstructures were characterized by an
Olympus optical microscope (OM), an FEI Quanta 200F
scanning electron microscope (SEM) and an FEI Tecnai
G* F30 transmission electron microscope (TEM). The
phase identification of the as-cast sample was conducted
by X-ray diffraction (XRD) using a Rigaku D/max—RB
X-ray diffractometer with monochromatic Cu K,
radiation. The samples for OM and SEM observations
were prepared according to conventional metallographic

techniques. The samples were polished and etched with
Kroll’s reagent (10% HNO; + 5% HF + 85% H,0,
volume fraction). The samples for TEM and HRTEM
observations were thinned to 50 um by grinding with SiC
sand paper and were punched to discs with 3 mm in
diameter. The final stage of thinning was performed by
argon ion milling with an incident angle of 10° until
perforation occurred.

3 Results and discussion

3.1 Phase identification and microstructure
The chemical reaction between Ti and B takes place
when there exists excess Ti as follows:

Ti+B=TiB (1)

Due to the negative Gibbs free energy and reaction
formation enthalpy, the reaction is favorable to
occur [24]. The XRD spectrum of the as-cast alloy is
shown in Fig. 1. It can be observed that the present
phases are o-Ti and TiB, and no peaks of TiB, or B are
detected. The XRD analysis proves that only TiB can be
synthesized by in situ technique, and the reaction of Ti
and B is complete. Similar results were reported by
CHEN and BOEHLERT [25] in the Ti—6Al-4V—xB
alloy.

o —¢-Ti
+— TiB

*

20 30 40 50 60 70 80 90 100
26/(°)
Fig. 1 XRD pattern of Ti-1100—0.10B alloy in as-cast condition

The representative microstructure of the Ti-1100—
0.10B alloy is shown in Fig. 2. It shows Widmanstétten
structure with alternative lamellas of o and f oriented
along the particular directions within individual colonies.
Such colonies are again distributed within the prior f
grains. The prior f grain boundaries in this alloy are
decorated by many closely spaced TiB phase with high
aspect ratio (needle-like morphology) which forms
necklace-type arrangement as shown in Fig. 2(a). The
TiB phase is needle-like shape and uniformly dispersed
in the Ti matrix as shown in Figs. 2(b) and (c). Figure
2(d) presents a typical SEM morphology of TiB that is
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Fig. 2 OM (a—c) and SEM (d) images of Ti-1100—0.10B alloy in as-cast condition

deeply etched. The TiB phase displays needle-like
structure with hexagonal transverse cross-sections.
Moreover, the interfaces between the TiB phase and the
Ti matrix are flat and clean.

B is completely soluble in the liquid phase of Ti
(high temperature BCC f), but is essentially insoluble in
the solid Ti phase (room temperature HCP «). An
appropriate section of the Ti—B phase diagram [11] is
shown in Fig. 3 (the present composition is marked by
the double arrow). In Ti alloys with hypo-eutectic B
concentrations, solidification occurs by the formation of
primary S-Ti grains, followed by solidification of a
eutectic mixture of A-Ti and TiB phase in the
interdendritic regions among the primary S-Ti grains (as
demonstrated in Fig. 2). Figure 4 sketches the possible
processes emerged during solidification with the addition
of B element. If the B content is very low, the B solute
rejected at the solidification front can be dispersed
readily into the remaining melt, as shown schematically
in Fig. 4(a). In this case, TiB will not form until the
liquid in the interdendritic region is saturated sufficiently
with B. With a higher concentration of B, more B solute
will be rejected into the liquid. The constitutional
supercooling ahead of the solidification front could
happen. Therefore, both alloy and borides nuclei can

1.62  wB)%
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§ 1500 =
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Fig. 3 Section of Ti—B phase diagram

form ahead of the solidification front and the two
processes will be inter-related in this situation.

Firstly, the situation that the nucleation of TiB takes
place readily is considered, as shown schematically in
Fig. 4(b). The formation of TiB will consume B from the
liquid phase and reduce the constitutional supercooling.
If this is sufficient to preclude the f-Ti formation, the
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formation of dendrite will be similar to the situation
where the content of B is low (Fig. 4(a)). Secondly, the
situation that the S-Ti formation takes place more readily
is taken into account, as shown schematically in
Fig. 4(c). It is obviously noted that, as new solid alloy
forms, the B concentration in the dendritic vicinity will
increase further, which inevitably leads to the formation
of TiB. The latter process can reduce the B content (and
thus the constitutional supercooling) and inhibit the
nucleation of the alloy.

The in situ synthesized TiB is prone to nucleate and
grow on the lattice-matched planes to minimize the
lattice strain existing at the interface between TiB and the
Ti matrix [19]. The lattice mismatch between TiB and the
Ti matrix has an influence on the crystallographic
relationships [26]. The previous investigation suggested

TiB formed in
N interdendritic
region

'

B rejected
into melt

interdendritic
region

Nucleation
of alloy

TiB pushed into

2209

that three types of specific orientation relationships
between TiB and f-Ti exist, and can be described as
follows [27]:

(100)5//(100)5.5:[010]1//[010] 1, @)
(100)5;5//(110).7;:[010]1:5//[001 5.7 3)
(100)1ip//(112)4.7::[010] ig//[111] g1 4

3.2 Formation mechanism of TiB phase

Figure 5(a) shows the bright field TEM image of
TiB at longitudinal cross-section. It can be seen that the
TiB phase is close to S-Ti phase and extends to the a-Ti
phase matrix in a particular direction. The interface
between TiB and Ti matrix is clean, flat and sharp. No
interfacial reaction is observed. Figure 5(b) shows the
selected area electron diffraction (SAED) pattern of TiB

Nucleation of TiB

Ov Y

'
-5

of TiB

Fig. 4 Schematic views of possible processes during solidification with addition of B

Z.A=[011]

Fig. 5 Bright field TEM image of TiB at longitudinal section (a) and SAED pattern of TiB (b)
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which presents in Fig. 5(a). It reveals that the TiB phase
exhibits the B27 orthorhombic structure with the lattice
parameters ¢=0.612 nm, »b=0.306 nm, and ¢=0.456 nm
[28—30]. The bright streak occurs on the (100)y;s phane,
which demonstrates that there are stacking faults in TiB
and the plane of stacking faults is (100).

The study of the crystal structure of TiB is helpful
to get an insight of the morphology of the in situ TiB
phase formed during the solidification process. TiB is
known to have a B27 structure, consisting of trigonal
prisms stacked horizontally in columnar arrays
connected only at their edges. It has a zigzag chain of B
atoms along the [010] direction [24,31]. Figure 6
illustrates the atomic packing in TiB. As shown in
Fig. 6(a), each B atom lies at the center of a trigonal
prism of six Ti atoms. The B27 structure consists of
trigonal prisms stacked in columnar arrays sharing only
two rectangular planes with neighbouring prisms, and the
columns are connected only along their edges, as shown
in Figs. 6(b) and (c). B atoms in this manner form a
zigzag chain along the B27 [010] direction, and form
B-free “pipes” of Ti atoms with a trapezoidal cross-
section, as indicated by the shaded area in Fig. 6(c).
Figure 6(d) shows the projection of the TiB structure on

/

T N N Nt N

L—
(a) (b)

the B27 (010) plane. Based on the above arguments, it is
known that Ti and B atoms have the same stoichiometry
along the B27 [010] direction. According to the periodic
bond chain theory, TiB should exhibit faster growth
along the [010] direction than that of normal along the
[100], [101] and [001] directions. Since growing crystals
are usually restrained by the slowest-growing facets, TiB
with the B27 structure should form a needle-like
morphology with the needle axis parallel to the [010]
direction, as shown in Fig. 5.

Figure 7(a) shows the interfacial structure between
the TiB longitudinal cross-section and the Ti matrix. Lots
of stacking faults on the (100)r plane can be observed.
The interface between the TiB and the o-Ti matrix is
clean without any defects, and the TiB phase does not
exhibit any specific orientation relationship with the a-Ti
matrix. The streak on the (100)p plane also indicates
that plane faults exist on the (100)y; plane in the in situ
synthesized TiB (Fig. 7(b)).

Figure 8(a) shows the HRTEM image of the TiB
phase and Fig. 8(b) shows the inverse fast Fourier
transformation (FFT) image of the stacking faults in Fig.
8(a). It can be seen that there are high density stacking
faults on the (100)r;g plane and the space between each

Ti 0 1/4 © 3/4
B o 1/4 o 3/4

(d)

Fig. 6 Schematic illustrations of crystal structure of TiB: (a) Basic trigonal prismatic arrangement of Ti atoms around each B atom;
(b) Columns of prisms; (c) Arrangement of basic trigonal prisms to form TiB structure; (d) Projection of TiB structure on (010) plane

Fig. 7 HRTEM image of TiB/a-Ti interface (a) and SAED pattern of TiB phase (b)
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of stacking faults (b)

stacking fault layer is not equal.

Since the formation of TiB phase can be regarded as
a vacancy diffusion process of B atoms in the Ti
matrix [14,29,32], the sites of B atoms during the growth
process are analyzed to obtain a better understanding of
the formation mechanism of the stacking faults. As
shown in Fig. 9, the stacking sequence along the [100]yp
direction is abb'a’ABB'A’. The stacking period of atomic
planes in [010] and [001] directions are afof-++ and
oa'pp'ao’pp’ -+, respectively. The stacking sequence
along the [100]pp direction is more complex than those
along the [010]yp and [001]yp directions. The lack of B
atoms is likely to happen because the amount of B atom
in the melt is much less than that of Ti atom. Accordingly,
it will lead to the formation of stacking faults on the
(100) plane when there is a lack of B atoms to occupy
the positions of a, a', 4 and 4". Because the formation of
stacking faults is due to the consumption of B atoms,
namely the B atoms on the sites of @, a’, 4 and 4" are
absent, the stacking faults are intrinsic fault. Moreover,
the stacking faults formed on the (100)y;z plane have a
minimum energy as compared with those formed on the
(001)y;p and (010) planes. Thus, stacking faults form
only on the (100)r;s plane. The stacking faults in the

a b b a A

[001] |— ® O .

TiB [100]

[010]|— Q .
O

(b)
Fig. 9 Schematic diagrams of atom projection of TiB along
[010] (a) and [001] (b) directions

TiB [100]

(100) plane serve to minimize the lattice strain at the
interfaces. The location of B atoms and the lattice
mismatch energy between TiB and Ti matrix play a key
role in the formation of stacking faults during the growth
process of TiB phase.

4 Conclusions

1) The microstructures of the Ti-1100—0.10B alloy
consist of a-Ti, f-Ti as well as eutectic TiB phase, and
the TiB phase prefers to precipitating at the prior § grain
boundaries.

2) The precipitation pathways of the TiB phase are
obtained as follows:

Liquid—Liquid+primary f—Eutectic (TiB+p)

3) The TiB phase is readily to grow along the [010]
direction with the morphology of needle-like shape. The
transverse cross-section of the TiB phase shows a
hexagonal shape. The interfaces between TiB and Ti
matrix are clean and devoid of any defects. The
formation of above morphologies serves to minimize the
lattice strain at the interfaces.

4) There are lots of stacking faults in the TiB phase,
which are likely to form on the (100) plane of TiB. The
crystal structure (B27) of TiB and the lattice mismatch
energy between TiB and Ti matrix are the mechanisms of
the formation of stacking faults during the growth
process of the TiB phase.
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