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XDTM technique has been successfully used to prepare TiB short fibre reinforced Ti-6Al
matrix composites. Macrostructure and microstructure have been observed by optical
microscopy and SEM in order to study the influence of cooling rate on the morphology, size
and distribution of TiB. Due to the cooling rate, there exist three kinds of macrostructure:
fine grain zone, columnar grain zone and coarse equiaxed grain zone, corresponding to the
cooling rate of 100–500 K/s, 20–50 K/s and less than 10 K/s respectively. In the fine grain
zone, TiB distributes randomly in matrix with main rod morphology with ∼3 µm in width
and ∼50 µm in length. In the columnar and coarse grain zone, a colony structure was
observed in which TiB distributes with a special orientation direction with matrix. A
lamellar TiB with up to 50 µm width and 200 µm length was also formed. It was indicated
that the decreasing of the cooling rate changes the morphology of TiB from rod to lamellar
shape, and markedly increase the length and aspect ration of TiB, from ∼50 µm to ∼200 µm
and from about ∼15 to ∼200, respectively. TEM results show that the rod TiB has a
hexagonal cross section. Vickers hardness testing shows a little reinforcement geometry
dependence, but the average hardness of 484 MPa is much higher than that of unreinforced
matrix alloy. C© 2002 Kluwer Academic Publishers

1. Introduction
Titanium matrix composites (TMCs) are of interest for
high temperature applications. Usually these matrices
are reinforced by continuous silicon carbide filaments.
However, Three main problems have been identified in
SiC/Ti composite materials: (1) the chemical instability
between the fibre and the matrix during the processing
of the composite material or in service. For example,
Ti3SiC2, TiCx and Ti5Si3(C) reaction products have
been observed in the interface between SiC fibre and
Ti matrix [1–3]. (2) the tensile residual stresses in the
matrix and in the reaction zone due to the coefficient of
thermal expansion (CTE) mismatch between the con-
stituents. (3) anisotropic physical and mechanical prop-
erties due to the alignment of SiC fibre in the matrix.
In order to prevent the reaction, these fibres are coated
by a pyrocarbon layer. However, the pyrocarbon layer
used on commercial filaments (SCS6 or SM1140) does
not change the state of the residual stresses at the inter-
face of SiC/Ti [3]. When the material is submitted to a

thermal cycling, these residual stresses must decrease
the lifetime of the composite. The efficient way to avoid
this chemical reaction is to form the reinforcement by in
situ precipitation in the titanium matrix [4–9]. The ideal
reinforcement should have similar or higher mechani-
cal properties than the silicon carbide (E and UTS) with
physical properties (density and CTE) not very far from
the matrix. It should also be chemically stable during
the processing of the composite. The TiB crystal has
a Young’s modulus of 550 GPa, a coefficient of ther-
mal expansion of 8.6 × 10−6/K (quite near to that of
titanium, 9.6 × 10−6/K) and a density of 4.51 kg/cm3.
TiB is considered as one of the best reinforcements
for the titanium matrix and widely used in the in situ
titanium composites research [3].

In the previous researches on in situ TMCs, almost
all the materials were extruded or forged in order to
get a dense materials and good mechanical properties.
However, this processing also brought about two main
problems: (1) alignment of TiB fibre along the extrusion
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direction. This will result in the anisotropic mechanical
properties just like that happens in SiC fibre reinforced
titanium composites [4, 10]. (2) fracture of TiB fibre,
which will introduce pre-crack or crack source in the
composites and finally result in the fracture of compos-
ites during service [11].

On the other hand, the titanium alloy and their
composites are so expensive for mass that they are
not suitable for mass production, such as automo-
bile industries. However, casting technology, such as
investment casting and permanent casting, is one of
the cheapest processes, which provide the possibil-
ity to avoid above problems in production of titanium
composites.

The present work describes how TiB short fibre rein-
forced titanium composites is prepared by XDTM in situ
casting technique. Main purposes were focused on the
microstructure and hardness of the as-cast composites,
especially the effect of cooling rate on the morphology,
size and distribution of reinforcement, and hardness of
composites.

2. Experimental procedure
High purity titanium powder (99.7 pct, 45 µm),
aluminum powder (99.6 pct, 29 µm) and boron powder
(99.8 pct, 45 µm) were dry ball milled for 24 hours.
Then they were uniaxially pressed into green compacts
and heated in vacuum to synthesize an Al/TiB2 mas-
ter alloy. To prepare composites, the master alloy, pure
aluminum and the sponge titanium were melted in a
water-cooled copper hearth using a non-consumable
tungsten electrode. To ensure chemical homogeneity of
the melted alloy, electron magnetic agitation was used
and the ingots were melted at least three times. Com-
positions of the composites determined by chemical
analysis are listed in Table I. Assumed that B element
was completely converted into TiB by the reaction with

T ABL E I Chemical composition of the alloys (wt%)

Alloys Al B O Ti

Ti-6Al-1.2B 5.33 1.15 0.12 Bal.

Figure 1 XRD pattern of Ti-6A1-1.2B composites.

titanium element, the TiB content is about 6.3 wt%.
In order to investigate the effect of the casting
condition (cooling rate) on the microstructure and
hardness, samples were cut from the ingot longi-
tudinally. Metallographic samples were wet ground
with SiC impregnated emery paper using water as
the lubricant and subsequently mechanically pol-
ished using an alumina-based polishing compound
and etched in Kroll’s solution. TEM sample was
first mechanically polished to 30 µm and thinned
by ion-milling. Microstructures were observed on a
Philip S-570 scanning electron microscopy (SEM)
with energy dispersion spectrum (EDS), and transi-
tion electron microscopy (TEM). X-ray diffraction
(XRD) analyses were conducted in a Rikagu D/max-RB
X-ray diffractometer. The Vickers hardness was mea-
sured by LEITZ WETZLAR GERMANY 3940 with
100 g load.

3. Results and analyses
3.1. XRD result
Fig. 1 shows the XRD result of Ti-6Al-1.2B alloy. Only
diffraction peaks of TiB were found besides that of Ti
matrix and no residual TiB2 or B was found, indicating
that they have been completely converted into TiB and
only TiB was formed as reinforcement.

TiB is of orthorhombic system. The lattice parameter
value a, b and c can be expressed as following:
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where θ is Bragge angle. The lattice parameter values
associated with each peak position were calculated and
plotted as a function of 1/2(cos2 θ/sin θ + cos2 θ/θ)
in order to determine the least line as in the following
equation:

1862



T ABL E I I Normalized X-ray diffraction parameters for TiB peaks

2θ d(A) I 2θ d(A) I

(hkl) In JCPDS In experiment a b c

(101) 24.481 3.633 20 24.249 3.667 7.14 6.1439 3.0699 4.5756
(200) 29.226 3.053 32 29.143 3.062 23.98 6.1265 3.0633 4.5642
(201) 35.263 2.543 80 35.328 2.539 100 6.1187 3.0584 4.5576
(111) 38.334 2.342 80 38.44 2.34 73.47 6.1064 3.0524 4.5486
(102) 42.192 2.140 100 42.21 2.139 30.61 6.1343 3.0644 4.5679
(211) 46.381 1.956 40 46.32 1.959 4.08 6.1353 3.0671 4.5703
(301) 48.843 1.863 56 48.85 1.863 17.35 6.1260 3.0625 4.5634
(401) 63.634 1.461 28 63.49 1.464 17.35 6.1803 3.0898 4.6040
(312) 68.878 1.362 72 68.86 1.362 7.14 6.1282 3.0630 4.5645
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where a0, b0 and c0 are the extrapolated true values of
a, b and c when θ approaches 90 degrees and K are the
slopes of the least lines.

Table II summaries the X-ray diffraction parame-
ters of TiB. The Lattice parameters calculated from the
X-ray diffraction pattern are a = 6.145, b = 3.072 and
c = 4.577, respectively, larger than the standard values:
a = 6.123, b = 3.060 and c = 4.560, which indicates a
shift of diffraction peaks of TiB. In Ti-B binary phase
diagram [12], TiB exists in a small composition range
of 49–50 at% B. In addition, the thermodynamic calcu-
lation has shown that TiB is much stable up to 2400 K
with the existence of titanium [13]. So the reason for
the shift of the diffraction peak of TiB may be due to
the macro-stress concentration caused by solidification
in the synthesized TiB reinforcement. Meanwhile, it
can also be found that the diffraction peaks of TiB are
slightly widened. Considered the large size of TiB an-
alyzed later, it was purposed to be due to the existence
of micro-stress concentration in TiB reinforcement.

3.2. Microstructure analyses
Fig. 2 shows the schematic of the macrostructure of the
longitudinal section of the composites ingot. Due to the
cooling rate, there exist three different macrostructure.
From the bottom of the ingot, they are fine (equiaxed)
grain zone, columnar grain zone and coarse equiaxed
grain zone, respectively. From the other results [14],
the cooling rates in the fine (equiaxed) grain zone, the
columnar grain zone and the coarse (equiaxed) grain

Figure 2 Schematic macrostructure of Ti-6Al-1.2B alloy ingot.

zone are estimated to be 100–500 K/s, 20–50 K/s and
less than 10 K/s respectively.

Fig. 3 shows the optical microstructure of Ti-6Al-
1.2B alloy at different zones. In the fine grain zone,
Fig. 3a and d, the TiB distributes in the matrix homoge-
neously and isotropically. No special distribution direc-
tion can be observed. In the columnar grain zone, shown
in Fig. 3b and e, it is found that TiB distributes along the
columnar grain direction. In the coarse equiaxed grain
zone, a colony structure, which is composed of TiB
and Ti, can be observed, as shown in Fig. 3c and f. The
space between two TiB fibres is about 2–10 µm. Gen-
erally, TiB has only one distribution direction in one
matrix grain. However, TiB has different distribution
directions at different grains. So the distribution of TiB
in macrostructure is still homogeneous and anisotropic,
This distribution characteristic is quite different from
that of the extruded Ti/TiB composites. In the later case,
TiB usually aligns along extrusion direction which will
result in the anisotropic mechanical properties as hap-
pens in SiCf reinforced titanium composites [4, 10].

Although the presence of TiB makes it difficult to
measure the grain size accurately, the grain size is esti-
mated to be 100–200 µm in the coarse grain zone and
less than 50 µm in the fine grain zone. But in the mi-
crostructure of in situ Ti-6Al/TiC composites produced
by the same processing, TiC mainly distributes at the
grain boundary, reduces the grain size to 20–30 µm effi-
ciently [5, 6]. It is suggested that some methods should
be taken to refine the grain size of matrix in order to get
well overall mechanical properties.

As for the reason for the special distribution of TiB, it
may be due to the growth characteristics of TiB crystal
and solidification characteristics of this alloy. First,
the structure of TiB is based on the building block: the
trigonal prismatic array of six Ti atoms with a B atom
in the center. The TiB structure is formed by closed
packing of the trigonal prisms only in one direction,
forming columns with a rectangular base with the
central chain of B atoms oriented in [101] direction of
the crystal. These columns are connected to each other
only along the edges, which are parallel to the [101]
direction. So TiB is prone to grow with a needle shape.
Second, although no Ti-Al-B ternary phase diagram
is valued, we still can get some suggestion from Ti-B
binary phase diagram. In Ti-B binary phase diagram
[12], Ti-1.2%B is a hypoeutectic alloy, so a eutectic
structure will be obtained at the end of solidification.
During the growth process of this eutectoid, because
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Figure 3 Optical microstructure of Ti-6A1-1.2B alloy. (a) and (d) microstructure of the fine grain zone, (b) and (e) microstructure of the columnar
grain zone, (c) and (f ) microstructure of the coarse equiaxed grain zone.

TiB content is less than 30%, it will grow with Ti
matrix in a co-growth growth model [15]. Some re-
searches [16–19] indicate those TiB forms as whiskers
or fibres with high aspect ratio with the orientation
relationships between TiB and α-Ti as described by

(010)TiB// {1120}Ti and 〈102〉TiB//[0001]Ti
and

(010)// {1210}Ti and 〈001〉TiB//[0011]Ti
and

(010)//{1120}Ti and 〈001〉TiB//[0001]Ti

with the [010]TiB direction parallel to the axis of the
fibres. A common feature in the above three orienta-
tion relationships is that they contain the same element:
(010)//{1120}Ti or [010]TiB//{1120}Ti. It seems that
there is no fixed orientation relationship between TiB
and Ti, except (010)//{1120}Ti or [010]TiB//{1120}Ti. In
other words, the direction [010]TiB is always parallel
to the direction of 〈1120〉Ti. However, both TiB and Ti
can rotate along this common axis with respect to each
other. According to this peculiar orientation relation-
ship, there will be three possible variant directions for
TiB fibre in a single Ti crystal, depending on [010]TiB
parallel to which 〈1120〉Ti, and each variant will have

an angle of 60◦ with the other two variants. As a result,
TiB in one grain will distribute with one of above three
orientation relationships with matrix grain, and have
different distribution directions in different Ti grains,
as observed in the columnar and coarse grain zone.
However, in the fine grain zone, because the grain is so
small that it is difficult to observe this kind of distribu-
tion characteristic by optical microscopy and SEM.

Fig. 4 shows the morphology of TiB in different
zones observed by SEM. In the fine grain zone (Fig. 4a
and b), TiB is mainly of rod shape with less than 50 µm
in length and 3 µm in width. In the columnar grain
zone, Fig. 4c and d, some long lamellar TiB are also
found beside rod shape TiB. The length of TiB be-
comes much longer than that in the fine grain zone,
about 100–200 µm. In the coarse grain zone, Fig. 4e
and f, almost all TiB are of lamellar shape with up to
50 µm in width and 100–200 µm in length, only a few
TiB is still in rod shape. Table III summarizes the mi-
crostructural parameters of TiB. From above results, it
can be found that with the decreasing of cooling rate, the
shape of TiB changes from rod shape to lamellar shape.
Meanwhile, the length and aspect ratio increase from
∼50 µm to ∼200 µm and from about ∼15 to ∼200,
respectively.
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Figure 4 Morphology of TiB in different zone of Ti-6Al-1.2B alloy ingot. (a) and (b) fine grain zone, (c) and (d) columnar grain zone, (e) and
(f ) coarse equiaxed grain zone.

T ABL E I I I Summary of microstructural parameters of TiB fibres

TiB short fibre

Cooling Width Length Aspect
Position rate (K/s) Morphology (µm) (µm) ratio

Fine grain zone 100–500 Rod ∼3 ∼50 ∼15
Columnar 20–50 Rod, ∼20 ∼200 ∼200

grain zone lamellar
Coarse equiaxed <10 Lamellar, ∼50 ∼200 ∼200

grain zone rod

Fig. 5 shows TEM morphology of the cross section of
fine rod TiB fibres. A hexagonal section can be clearly
seen. In addition, it also reveals that a clean interface
exists between the in situ TiB and titanium matrix.

3.3. Hardness measurement
Fig. 6 shows the change of the Vickers hard-
ness of the composites along the longitudinal di-
rection with the distance from the sample bottom.
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Figure 5 TEM microstructure of rod shape TiB fibre in as-cast in situ Ti-6Al-1.2B composites.

Figure 6 Change of the Vickers hardness of the composites along the
longitudinal direction with the distance from the sample bottom. A, B,
and C zone in the figure represent the fine grain zone, the columnar grain
zone and the coarse grain zone, respectively.

The average hardness in the fine grain zone, the
columnar grain zone and the coarse grain zone are
481 kg/cm2, 481 kg/cm2 and 491 kg/cm2, respec-
tively. Although there is large difference in the mi-
crostructure of these three zones, only a 10 kg/cm2 in-
crease in hardness can be found in the coarse grain
zone, suggesting that a little dependence of hard-
ness on reinforcement geometry. However, the av-
erage Vickers hardness of this alloy is as high as
484 kg/cm2, much higher than that of unreinforced
Ti-6Al alloy (274 kg/cm2) [6], indicating that the
formation of TiB fibre reinforcement markedly in-
creases the hardness, about 76.6% increase.

4. Conclusion
(1) The cooling rate has great influence on the distri-
bution of TiB reinforcement. With the decreasing of

cooling rate, the distribution of TiB changes from ran-
dom distribution in all grain to regular distribution in
one grain. However, the distribution of TiB reinforce-
ment in the matrix is still homogeneous and isotropic
in macrostructure.

(2) The cooling rate also has large influence on the
morphology and size of TiB reinforcement. With the de-
creasing of cooling rate, the morphology of TiB changes
from rod shape to wide lamellar shape. Meanwhile,
the size and aspect ratio increase with the decreasing
cooling rate.

(3) Hardness testing results show a little reinforce-
ment geometry dependence of hardness of composites.
However, the average hardness of 484 kg/cm2 is much
higher than that of unreinforced matrix alloy, 76.6%
increase.
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