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Abstract Titanium matrix composites were prepared by
investment casting in a consumable arc skull casting fur-
nace. With the addition of B4C, the average primary [
grains are refined, and the morphology of o phase tends to
be more equiaxed. The free energy for nucleation con-
sisting of the bulk free energy, orientation-independent
interfacial energy, and elastic strain energy is calculated to
investigate the role of nucleation sites in determining the
shape of critical nucleus. In the current study, the TiB
whiskers were found to be arranged in the grain boundary
and provide heterogeneous nucleation sites for o pre-
cipitates, and the interfacial energy is about 14 % more
than that in Ti-64, while its elastic strain energy is reduced
to about three quarters of the latter one.

Introduction
Titanium matrix composites (TMCs) reinforced with ce-

ramic particles have drawn great attention due to their
considerable potential for significant improvements in both
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mechanical properties and service temperature [1-6]. For
years, in situ techniques, such as mechanical alloying,
powder metallurgy, and solidification process, have been
frequently developed to synthesize TMCs [7, 8]. Among
various ways of producing TMCs, traditional ingot metal-
lurgy plus self-propagation high-temperature synthesis re-
action between titanium and B4,C has become a popular
approach to produce TiB- and TiC-reinforced TMCs, due
to a better interface between reinforcements/matrix and
lower preparation cost [9, 10]. With B4C additions, o
precipitates mainly exhibit near equiaxed particles instead
of the lamellar structure [11, 12]. Similar morphology was
also reported in the work of Hill et al. [13] in a cast Ti-64
alloy with a small addition of boron. Though they men-
tioned that the formation of equiaxed o phases is relevant
to the heterogeneous nucleation of o phases at TiB whis-
kers, no further explanation was proposed to clearly show
the underlying physics of such morphology. In this study,
the morphology evolution of o phase is studied ex-
perimentally and discussed theoretically in relation to the
overall energy of the nucleation, inclusive of the o/TiB
interfacial energy and elastic energy.

Materials and experiments

In this study, stoichiometric amounts of sponge titanium,
B,4C, and alloying elements for synthesizing matrix Ti-6Al-
4V (Ti-64) alloy were blended, and then melted in a
vacuum consumable arc-melting furnace and cast into
samples by investment casting in a consumable arc skull
casting furnace. As comparison, matrix alloy without re-
inforcements was also prepared in the same way. The
chemical composition of the matrix (similar to that of the
o+p titanium alloy Ti-64) and the theoretical volume


http://crossmark.crossref.org/dialog/?doi=10.1007/s10853-015-9120-z&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10853-015-9120-z&amp;domain=pdf

J Mater Sci (2015) 50:5674-5683

5675

fractions of TiB whiskers (obtained by calculating mathe-
matical model of the reactants) are listed in Table 1.

Scanning electron microscope (SEM) samples were
wire-cut from the cast samples and metallographically
prepared by using conventional grinding and mechanical
polishing techniques. The polished samples were etched
with Kroll’s reagent. The microstructures were character-
ized by a FEI QUANTA-250 SEM. Transmission electron
microscope (TEM) specimens with a diameter of 3 mm
were prepared by grinding, dimpling, and twin-jet electro-
polishing with a solution of 3 % perchloric acid and 97 %
alcohol with temperature of 243-253 K, voltage of
65-75 V, and current of 3040 mA. The TEM images and
corresponding selected area diffraction (SAD) patterns
were obtained by a Philips CM200 transmission electron
microscope (TEM). The electron backscattered diffraction
(EBSD) analysis was conducted in a FEI Quanta FEG 250
SEM equipped with EDAX/TSL OIMTM system. More
than 250,000 points were acquired over an area of ap-
proximately 90,000 um?” for each EBSD map, and the av-
erage confidence index (CI) of them was ranged from 0.21
to 0.56. The specimens for EBSD studies were prepared by
metallography and electro-polishing with a solution of
9 vol% perchloric acid, 91 vol% glacial acetic acid at
288 K. High-temperature X-ray diffraction (HTXRD) was
employed to investigate the lattice parameters of phases at
the temperature where nucleation occurs. The HTXRD
specimen was wire-cut from the TMCs samples with a
diameter of 16 mm, and the final sheet thickness is 0.8 mm
after polishing. The diffraction experiments were carried
out using an X’'Pert PRO diffractometer (PW3040/60,
Panalytical B.V., Netherlands) with a sample stage for Co
anode (wavelength k = 0.178897 nm) and X-ray detector,
operating at 40 kV and 40 mA, with a scanning speed of
0.15°/s over an angular range of 20°-90°. In these ex-
periments, the sample was heated at a rate of 0.5 K/s when
the sample reached the testing temperature holding for
480 s before scanning.

Results and discussions
Microstructure characterization
Figure 1 shows the SEM micrographs and distribution of

the aspect ratio of o precipitates in Ti-64 alloy and TMCs.
As seen in Fig. 1a, a typical widmanstatten structure forms

during investment casting when the alloys are solidified
and cooled in a ceramic shell which reduces the cooling
rate. The primary P grains are more than 1000 pm in size.
When the Ti-64 alloy is slowly cooled down from a tem-
perature above [ solvus, o precipitates would firstly nu-
cleate and grow along the previous [ grain boundaries.
Upon further cooling, parallel intergranular o plates nu-
cleate from the P grain boundary, and grow into colony o
phase with average thickness of 2.5 pm. In the present
work, the aspect ratio of each a lath (surrounded by white
lath boundaries) is defined as the ratio of its semi-major
axis to the semi-minor axis. Statistic distribution of the
aspect ratio of over 90 « laths in each sample is shown in
Fig. 1b, which indicates that most o laths exhibit an aspect
ratio smaller than 15, while some laths with larger aspect
ratio (i.e., 16 and 21) still possess relatively high fre-
quency. More detailed calculation suggests that in the Ti-
64 alloy, 79 % of aspect ratios are distributed between 5
and 17 and the average aspect ratio of o lath is 13.8.
Compared with the Ti-64 alloy, the average size of
primary [ grains of TMCs is significantly reduced to
50-100 pm (Fig. 1c). Besides, the formation of Wid-
manstatten structure is eliminated in this case. It should be
noted that white TiB whiskers, generated by eutectic re-
action [14], form a necklace structure at the prior B grain
boundaries, as shown in Fig. 1c. According to the reference
materials [11, 15], the refinement of B grain size is due to
the rejection of excess boron from B-Ti nuclei. In our
study, the carbon content of the TMCs is 0.10 wt%, which
is below the solid solubility of carbon of 0.126 wt% at
873 K [16, 17]. Therefore, the carbon will dissolve in B-Ti
phases that nucleate from the liquid. However, the content
of boron in TMCs is 0.38 wt%, which exceeds the solu-
bility of boron value of 0.02 wt% at room temperature in
titanium alloys [11]. Thus, extra boron is rejected from the
primary B-Ti nuclei into the melt, and the composition of
metal melt is changed. The change in the melt composition
will cause a corresponding variation in the liquidus tem-
perature and lead to higher constitutional super-cooling,
which will enhance the nucleation rate and provide addi-
tional driving force and then reduce the growth rate of B-Ti
[11, 18]. Furthermore, the precipitation of TiB whiskers
between the 3-Ti dendrites will interrupt the growth of B-Ti
grain, and reduce the grain size. With the addition of B4C,
the morphology of o phase in TMCs tends to be more
equiaxed than that of the Ti-64 alloy. About 80 % of aspect
ratios are between 2 and 4 in TMCs as can be seen in

Table 1 Composition (wt%)

. K Material \'% Al B C Ti volume fraction of TiB
and theoretical volume fractions
(vol%) of reinforcements of Ti- Ti-64 4 6 0 0 Balance 0
64 and TMCs
TMCs 3.90 5.81 0.38 0.10 Balance 1.93
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Fig. 1 Secondary electron imaging (SEI) and size distribution of the aspect ratio of investment cast samples: a SEI of Ti-64, b the distribution
plot of the aspect ratio of o plate in Ti-64, ¢ SEI of TMCs, d the distribution plot of the aspect ratio of o plate in TMCs

Table 2 Statistical analysis

Average aspect ratio of o (R)  Average aspect ratio of TiB (//d)

results of microstructural samples  Prior B grain size (jm)
parameters of Ti-64 and TMCs Ti-64 ~1000
TMCs 50-100

13.8 -
3.4 10.4

Fig. 1d. The average aspect ratio of o phases is 3.4 in
TMCs. The statistical analyses of both Ti-64 and TMCs are
summarized in Table 2 in order to clearly demonstrate the
difference in the morphology of o precipitates. It should
also be mentioned here that similar morphologies of TMCs
have also been observed in boron-containing titanium al-
loys [11, 13, 19], indicating that TiB precipitates are re-
sponsible for the change of o morphology. To be specific,
compared with the case of Ti-64 alloy where the initial
nucleation of o precipitates takes place at prior  grain
boundaries, the prior TiB whiskers could also offer addi-
tional nucleation sites for o precipitates.

More detailed morphology of o phase in both Ti-64 and
TMCs is examined by TEM images. As can be seen in

@ Springer

Fig. 2a, the o phase in Ti-64 exhibits a typical lamellar
structure. However, in TMCs, the o phase forms near the
TiB whiskers, and presents a more equiaxed morphology
which has a smaller aspect ratio, as shown in Fig. 2b. As
also noted by Hill [13] that in most cases, shorter and
thicker o precipitates (more equiaxed) are precipitated near
the TiB whiskers.

Figure 3 shows the EBSD maps of Ti-64 alloy and
TMCs. Figure 3a is the grain boundary map of Ti-64 which
shows the different angle boundaries of o phases, in which
the blue lines are high-angle (6 > 15°) boundaries, green
lines are middle angle (15° > 6>5°) boundaries, and red
lines are low-angle (0 < 5°) boundaries. The EBSD grain
boundary map of Ti-64 shows a strong o colonies
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Fig. 3 EBSD maps, a grain boundary map of Ti-64, b misorientation green lines are middle angle (15° > 0>5°) boundaries, and red lines
map of Ti-64, ¢ grain boundary map of TMCs, d misorientation map are low-angle (6 < 5°) boundaries (Color figure online)
of TMCs. Blue lines in a, ¢ are high-angle (0 > 15°) boundaries,
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microstructure in which the low-angle boundaries (<5) are
dominant. The corresponding misorientation map (Fig. 3b)
shows that the parallel o plates have the same orientation
and there are several different colonies with different ori-
entation in a prior B grain. In contrast, with the presence of
TiB, the whole microstructure, especially the morphology
of o phase is greatly changed. In the first place, the low-
angle boundaries (Fig. 3c) are less than that in Ti-64
(Fig. 3a). What is more, few o colonies are observed, and
the o laths grow into thick and short shape which is more
equiaxed. Based on the correlated misorientation analysis
(Fig. 3d), the formation of fine and orientated o repre-
sented by color variations could be attributed to the TiB
whiskers which have various orientations and act as nu-
cleation sites for o phases.

The HTXRD patterns of TMCs are presented in Fig. 4.
The position of phase peak in TMCs is changed with the
temperature increasing. Increase in lattice parameters due to
the thermal expansion is calculated from the peak shift. The
calculated results are shown in Table 3, and the maximum
error is less than 0.00005 nm in all cases. The thermal ex-
pansion coefficient is 9.0 x 10"%K for the a-axis and
10.6 x 10~%K for the c-axis of the hexagonal unit cell,
which correspond very well with the Ref. [20, 21]. For B
phase, the thermal expansion coefficient is between

(10 12)a-Ti

10 10)-Ti
(200)p-Ti
11 20)-Ti

(10 13)Ti

¥(210)TiB
(102)1iB

Intensity

20 30 40 50 60 70 80 90
2 Theta (degree)
Fig. 4 HTXRD patterns obtained at the temperature of 298, 1248,
and 1035 K of TMCs

Table 3 Lattice parameters calculated from HTXRD patterns

Phase o (hcp) B (bcc) TiB

X Z X X Y Z
298 K (nm) 0.2941 04713 0.3326 0.6137 0.3068 0.4369
1248 K (nm) 0.2974 0.4776 0.3392 0.6206 0.3103 0.4691
1308 K (nm) 0.2974 0.4777 0.3393 0.6207 0.3104 0.4692
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15.4 x 107° and 15.9 x 10~%K, which is bigger than the
thermal expansion coefficient for Ti—64 near room tem-
perature [21]. According to the work of Elmer et al. [21], this
is due to a rapid increase in the f phase lattice expansion
when the temperature is higher than 1023 K. For TiB phase,
the thermal expansion coefficient is between 8.6 x 10~®and
8.9 x 10~%K, which correspond with the Ref. [22].

Discussion

The morphology of precipitates in phase transformation is
affected by total free energy which is determined by the
volume free energy change, elastic energy, and interfacial
energy [23, 24]. The free energy during phase transfor-
mation is employed to explain the formation of different o
morphology in Ti-64 and TMCs. The standard free energy
change, AG, is expressed as Eq. (1) [24]

AG = gmfR[AGV + W] + nd®Y[2 + g(R)), (1)
where a is the semi-major axis of an ellipsoidal nucleus, R
is the aspect ratio, a/c, c¢ is the semi-minor axis of an el-
lipsoidal nucleus, AG, is the volume free energy change
associated with o nucleation, and Y is the interfacial energy
due to the new o phases formation. g(R) is a shape function
associated with the aspect ratio R. In this research, R > 1
(as shown in Table 2); the function g(R) can be given by
[24]

\/%sm_l (W) 2)

W is the elastic strain energy per unit volume of o pre-
cipitates formed, which is a function of R [23, 24]

g(R) =

S en(R) 3

where v,, is Poisson’s ratio of o, u, is the shear modulus of o,
E is the elastic modulus, ¢ is a small quantity [23, 25, 26],
and h(R) is a shape function associated with the aspect ratio
R. The ratio of shear modulus f is introduced as f = p/p,
and pg is shear modulus of the surrounding. Since R > 1, the
function h(R) can be given by [23]

3 v
bR = S (20}

Schematic drawings of o nucleating at different phases
are shown in Fig. 5. In Ti-64, when o phase precipitates
directly from B phase (as shown in Fig. 5a), us would be
the shear modulus of 3 phase. The elastic strain energy (W)
is obtained as Wyp = 238.5¢% J/mm®, by substituting the
parameters in Table 4 into Eq. (3). But in TMCs, TiB
whiskers are believed to act as nucleation sites for o phase
(as shown in Fig. 5b). Therefore, the formation of a single

W =2u

(4)
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Fig. 5 Schematic diagrams of o nucleating at a 3 grain boundary, b TiB whiskers (or grain boundary o phase). The morphology of o initial

nucleus is supposed to be hemispherical with R = 1

Table 4 Parameters used for calculating free energy

Phase Elastic Poisson’s shear modulus
modulus ratio (v) (u = E/I(2 + 2v),
(E, GPa) GPa)

o (hep) 132.2 [27] 0.27 [28] 52

B (bce) 81.1 [27] 0.27 [28] 31.9

TiB 550 [28] 0.14 [28] 241.2

o nucleus, which is in contact with both TiB phase and
phase, would simultaneously generate two different inter-
faces, i.e., o/TiB interface and o/f interface. On o/TiB
interface, ug would be the shear modulus of TiB phase, and
Womrip = 67.8¢* J/mm?>, while on the o/p interface, uy is
the shear modulus of B phase. So when o nucleates at TiB
whiskers, the elastic strain energy (Wrpwmcs) can be given as

Wimcs = WoytiB@oyrin + Woyp®oyps (5)

where ¢, is the o/TiB interface area fraction which is
given as ¢orip = Soyrin/(Sorie + Swp)s Swris 18 the con-
tact area of o phase and TiB, S, is the contact area of o
and [ phase, and ¢, is the o/ interface area fraction
which is given as ¢qp = Sup/(So/tin + Swp). In the initial
stage, the morphology of o nucleus is supposed to be
hemispherical with R = 1. Sy1ip = na%, Sup = 2na(2), SO,
¢urig = 1/3, and ¢, = 2/3. Substituting the corre-
sponding data to Eq. (5), the elastic strain energy (Wrwmcs)
is obtained as Wrycs = 181.6e% J/mm?. The elastic strain
energy reduces to about three quarters of that in Ti-64 due
to the presence of TiB whiskers.

The interfacial energy Y consists of the misfit energy Yy,
and the energy of the elastic strain field Yy, Which is
given by Eq. (6) [29].

'“LS{ 2 %}
Y=Y, Yiirain = — 141 y—(1+9
+ Yy A L (1+97)

ULy . 2\3 2
T ln{2/(1 +y )Z—Zy }7

(6)

where L is the spacing of lattice of the interface between o
precipitates and surrounding and y is a parameter which is
defined as [29]

S,y leuaﬂb
= G =) (=} @)

The convention used is to denote properties of the pre-
cipitates and surroundings above the interface by a and
below by b but uses no letters for the properties of the
interface itself. Thus, L., Ly; fa, My, 4; and v,, v, would
accordingly designate lattice parameters, shear modulus,
and Poisson’s ratios, respectively. p is the dislocation
spacing, which is defined by Eq. (8) [29].

p=(k+ 1)L, =kL, = (k+;)Ls, (8)
where k is a constant.

The spacing L is defined by the Eq. (9), u is the shear
modulus of interface and given by Eq. (10) [29], yo is the
value of p when there is no misfit, and the shear modulus of
o phase is used for .

2 1 1

S T 9

L La+Lb ®)
HoLo

) 10

n=Tr (10)

In Ti-64 alloys, the transformation from B to o generally
is governed by the Burgers relationship [13, 30]:

(101)]| (0001),
[11T]]| [1120],

When o precipitates from [ phase following the Burgers
orientation relationship, the lattice parameters can be cal-
culated by using the data in Table 3. In Ti-64 alloys, the
phase transformation temperature is about 1248 K [31].
Thus, L,(d(101)g.1) is 0.1696 nm, and Ly(d(0001),.1;) is
0.4776 nm. Substituting the corresponding data to Eq. (8)
and Eq. (9), the corresponding lattice parameters of Ti-64
can be obtained as k = 0.551, p = 0.263 nm, and
Ly = 0.250 nm.

As reported in previous research [2, 14, 32-35], due to
different surface energies, TiB whiskers are liable to grow
along the [010] direction and form the whisker shape. It is
well known that TiB has (100), (101), and (101) facets as
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the exposed faces which are in direct contact with beta
phase and are going to be the possible nucleation sites. And
the (100) plane of TiB has an orientation relationship with
o phase as [34, 35]

(100)5;5]| (1010),

In TMCs, the phase transformation temperature is about
1308 K, and the lattice parameters of the interface between
TiB and o are calculated by assuming that the o precipitates
follow the above orientation relationship. The corresponding
lattice parameters are given as La(d(IOIO)Hi) =
0.2576 nm, Ly(d(100)7;g) = 0.6207 nm, k = 0.709, p =
0.440 nm, and L, = 0.364 nm.

By substituting the corresponding data to Eq. (6), the
interfacial energies Y,p = 0.537 Jm?> and Yy rp =
0.757 J/m? are obtained, respectively. Similar as Wrycs,
when o nucleates at TiB whiskers, the interfacial energy
(YTmcs) can be given as

Yrvmes = YoymiB@oyin + Yo/pPoyp (11)

Substituting the corresponding data to Eq. (11), the in-
terfacial energy (Yrmcs) is obtained as Yrycs = 0.610 J/
m?. The interfacial energy is about 14 % more than that in
Ti-64 due to the presence of TiB whiskers.

Substituting Egs. (2), (3), and (6) into Eq. (1) by using
the calculated parameters, the free energy change, AG, can
be written as

4
AG, ) = §mﬁR[AGv +238.5¢7]

+ 1a®0.537 {2 +

4
AGyrip = §Ra3R [AG, + 181.6¢°]
Z—Rsin’1 (v 1— R‘z)}
1—R?
(13)

As shown in Egs. (12) and (13), the free energy change
(AG) depends on the aspect ratio R and the semi-major
axes a of o nucleus. Referring to the work of Y. Wang [36],
the initial nucleus size a of o phase can be assumed to be
0.25 pm when o phase precipitates from  phase in Ti-64
alloy. The volume free energy change for nucleation o
from B (AG,) is about 0.5 kJ/mol [36]. The free energy
changes (AG) in Ti-64 calculated using Eq. (12) with
& = 0.0001, 0.00015, 0.000173, and 0.0002, respectively,
are shown in Fig. 6a. It can be seen that, when
¢ = 0.0002, all calculated values are positive, which re-
veals that the o phase cannot precipitate from B phase.
When & = 0.0001 and 0.00015, all calculated values are
negative, which indicates that the minimum aspect ratio of

+ 1a*0.610 [2 +

@ Springer

o phase would be 1 in this situation. In fact, the minimum
aspect ratio of o phase in Ti-64 is 4 as shown in Fig. 1b.
However, when & = 0.000173, the calculated values fit the
experimental results well, and the minimum aspect ratio of
o phase is 4, which is consistent with experiments results.
The free energy changes (AG), when TiB acts as nucleation
sites for o phase, calculated using Eq. (13) with
& = 0.0001, 0.00015, 0.000173, and 0.0002, respectively,
are shown in Fig. 6b. It can be indicated that all calculated
values are negative, which indicate that the o phase can
precipitate in any aspect ratio when the a is 0.25 pm.

The free energy changes (AG) in Ti-64 with different
initial nucleus size a are calculated as shown in Fig. 6c¢. It
shows that when initial nucleus size a is 0.242 pum, all
calculated values are positive, and no o precipitates from f3.
When initial nucleus size a is 0.25 pm, the minimum
aspect ratio R is about 4. While the initial nucleus size a is
0.243 pm, o phase can precipitate from 3 phase only if the
aspect ratio R is bigger than 14, indicating that a small
decrease of critical nucleus size (a) results in the big in-
crease of aspect ratio (R).

When TiB acts as nucleation sites for o, the initial nu-
cleus size a can be reduced to 0.1 um and the minimum
R is approximately 3 as seen in Fig. 6d. When f acts as
nucleation sites for o, all calculated AG values are positive
with a = 0.1 pm, indicating that o cannot precipitate with
such little size in Ti-64 alloys or in o/ boundary. In Ti-64,
o phase can precipitate from 3 phase only if initial nucleus
size a is bigger than 0.243 pum, and critical nucleus size is
more than two times than that in TMCs.

Figure 6e shows the relationship between the minimum
aspect ratio (R,i,) and the initial nucleus size (ag). In Ti-
64, the B phase acts as nucleation sites for o. When the
initial nucleus size (ag) is bigger than 0.243 um, o phase
will precipitate from [ phase. The minimum aspect ratio
(Rmin) Will decline sharply with the increase of initial nu-
cleus size (ap). The increase of initial nucleus needs greater
undercooling; however, the decrease of transformation
temperature will limit the nucleus growth. In this research,
the alloys are cooled in ceramic shell which has the thermal
insulation effects and reduces the cooling rate, and the
small initial nucleus size (a) has advantage in o phase
precipitation. Therefore, the initial nucleus size (ag) of o
phase is about 0.25 um and the aspect ratio of o phase is
between 4 and 29 in Ti-64 alloys as shown in Fig. 1b. In
TMCs, TiB whiskers would act as o phase nucleation sites.
The minimum aspect ratio (R ;,) is about 3 when the initial
nucleus size (ap) is 0.1 pm as shown in Fig. 6e. As the
initial nucleus size (ay) grows up to 0.12 um, the minimum
aspect ratio (R, decreases to 1. The TMCs are also
cooled in ceramic shell, the o phases will prefer to grow up
in small initial nucleus size, and most of aspect ratio is
between 2 and 4 in TMCs as shown in Fig. 1d.
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Fig. 6 Variation of AG with R for o precipitated in Ti-64 or TMCs.
a The variation of AG with R in Ti-64 calculated using Eq. (12) with
& = 0.0001, 0.00015, 0.000173, and 0.0002. b The variation of
AG with R, when TiB acts as nucleation sites for o phase, calculated
using Eq. (13) with ¢ = 0.0001, 0.00015, 0.000173, and 0.0002.

In Ti-64 alloys, the o laths can also nucleate from the
grain boundary alpha. On the o/ interface, us would be the
shear modulus of o phase, and W, = 180.9¢* J/mm°.
Similar as nucleating from TiB whiskers, on the other

¢ The variation of AG with R in Ti-64 with different initial nucleus
size a. d The variation of AG with R when a = 0.1 um. e The
variation of the minimum aspect ratio (R,,;,) with the initial nucleus
size (ap) which the Ry, is defined as the aspect ratio R when the
AG is just <0 with a certain initial nucleus size (ag)

interface, o nucleus is contacted with § phase, so the elastic

strain energy (Wypoundary o) €an be given as

Wa/boundawo: = Wa/ud)u/ot + Wu/B¢a/B (14)
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So, the elastic strain energy (Wypoundary o) i dropping
by 8 % from 238.5¢* J/mm® to 219.3¢* J/mm”.

When o laths nucleate from the grain boundary alpha,
there is a coupled interface between o laths and grain
boundary alpha. So the interfacial energy (Yy/poundary o) can
be given as

Ya/boundaryoc = a/B(pq/[} (]5)

Substituting the corresponding data to Eq. (15), the in-
terfacial energy (Yo/boundary o) 1S dropping by more than
33 % from 0.537 to 0.358 J/m’.

On the one hand, the reduction of the elastic strain en-
ergy and interfacial energy which is the transformation
resistance will promote the precipitation of o phase. On the
other hand, due to sharply reduced interfacial energy, the o
phase prefers to grow into lamellar structure with high
aspect ratio.

In general, due to the existence of TiB, the interfacial
energy of o/TiB is about 14 % more than that in Ti-64
alloys, and the elastic strain energy declines to about three
quarters of that in Ti-64 alloys. When TiB whiskers act as
the nucleation sites of o precipitations, the o phase is easy to
precipitate in a very small size initially and then tends to be
more equiaxed with an average aspect ratio of 3.4 in TMCs.

Conclusions

The addition of B4C to Ti-64 modifies the phase transfor-
mation behavior of the Ti-64 alloy and also alters its mi-
crostructures. In this paper, the effects of B,C additions on
the microstructures and morphology change of o phase of
TMCs prepared by investment casting are investigated. The
following conclusions can be drawn from this study:

(1) With the addition of B4C, the average primary
grain is refined, the widmanstatten structure is
eliminated, the number of low-angle boundaries
between o phases decreases, and the morphology of
o phase tends to be more equiaxed.

(2) With addition of 0.48 wt% B,4C, the average aspect
ratio of o phases declines from 13.8 to 3.4, which is
attributed to the increase of the interfacial energy
and decrease of elastic strain energy of o phases
when TiB settles in the grain boundary and acts as
the o nucleation site. When TiB acts as nucleation
site for o, the critical nucleus size (a) could be
reduced to 0.1 pm with the minimum aspect ratio
R = 3, indicating that the o phase could precipitate
in a very small size initially and then tends to be
more equiaxed. However, when [ acts as nucleation
site for o, the initial nucleus size is supposed to be
larger than 0.243 um, a small decrease of critical

@ Springer

nucleus size results in the big increase of aspect ratio
(R), and critical nucleus size is more than two times
than that in o/TiB boundary.
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