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Abstract: Ti-5Al-5Mo-5V-1Fe-1Cr titanium matrix composites reinforced with different mass fractions of TiB and TiC were
fabricated via a consumable vacuum arc-remelting furnace. The reinforcements can significantly refine S phase during heat treatment.
However, the extent of the microstructure refinement decreases gradually with the increase of the reinforcements. It is revealed that
the microstructural phenomenon is associated with Zener dragging force exerted by the reinforcements. The increase rate of the
dragging force tends to decrease with the increase of the reinforcements. Additionally, the effects of the reinforcements on the
spheroidization of o were also investigated. The spheroidization rate of « fluctuates somewhat with increasing the trace
reinforcements during heat treatment. Nevertheless, the reinforcements accelerate the spheroidization of « lath in the
Widmannstatten structure obviously during isothermal compression. The effects of the reinforcements during isothermal
compression are different from those during heat treatment. In addition to accelerating the diffusion significantly, the trace
reinforcements also contribute to the spheroidization of o by accelerating interface transformation during isothermal compression.
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In situ synthesized composites reinforced with TiB fibers
and TiC particles have been attracting considerable attention
in recent years™?. Ti-5Al-5Mo-5V-1Fe-1Cr (TC18) titanium
alloy is an important aviation material. A tendency of a
spheroidization appears when the annealing temperature is
lower than the phase transformation temperature™. In order to
refine microstructure and improve mechanical properties of
the alloy, TC18 titanium matrix composites (TMCs)
reinforced with trace TiB and TiC are fabricated. The
experiments show that the spheroidization rate of « fluctuates
somewhat with increasing the reinforcements during heat
treatment. Nevertheless, the trace reinforcements accelerate
the spheroidization of « lath in the a/f colony structure during
isothermal compression. Little information is available to date
concerning the effects of reinforcements on the spheroidi-
zation of a lath in the a/f colony structure. Reinforcements
can refine B phase in TMC by exerting Zener dragging
force®®. However, the extent of the microstructure refinement
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decreases gradually with the increase of the reinforcements
during heat treatment.

The aim of the present paper is to study the effects of the
mass fraction of trace reinforcements on the grain growth
during heat treatment and the effects of trace reinforcements
on the spheroidization of « lath during isothermal compression,
so as to provide valuable technical information for further
research and development of TC18 TMC.

1 Experiment

The stoichiometric mass fractions of the raw materials
including sponge Ti, B,C powder, Al, Al-Mo, Al-V, Fe and Cr
were blended uniformly, and then were compacted into pellets.
The pellets were melted in a consumable vacuum arc-
remelting furnace. Small addition of B,C (0.4 wt%) to Ti
produced TiB and TiC during solidification by a chemical
reaction: 5Ti + B,C = 4TiB + TiC. The mass fractions of the
reinforcements in the composites are provided in Table 1. The
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phase transformation temperature of the ingot of TMC3 is
885 <C.

The as-cast ingots were then forged at 1150 <C and rolled at
840 < into rods with the diameter of 15 mm. Phase
identifications indicate that there are three kinds of phases in
the composites, Ti, TiB and TiC. In order to control the
overgrowth of grains and obtain good mechanical properties,
we employed triplex heat treatment procedures as follows: (1)
heat treatment A (HTA): 860 <C/1.5 h + FC, 750 T/1.5 h+AC,
600 /4 h + AC; (2) heat treatment B (HTB): 910 <C/1.5 h
+FC, 750 <T/1.5 h +AC, 600 <C/4 h +AC.

Anti-oxidation coating was used during heat treatment.
TC18 Ti alloy was also prepared with the same method. The
raw materials did not contain B,C. The phase transformation
temperature of the alloy is 865 <C.

For tensile testing, 30 mm gage length cylindrical speci-
mens (6 mm in diameter) were machined from the rods
undergoing HTA treatment. Tensile tests were conducted with
a strain rate of 0.001 s’ Subsequently, isothermal
compression tests were conducted on a Gleeble simulator. The
cylindrical specimens with the diameter of 8 mm and the
height of 12 mm were machined from the rods undergoing
HTB treatment. After the compression, the specimens were
water quenched immediately.

Microstructure observations by optical microscope (OM),
and scanning electron microscope (SEM) were conducted
after the polishing and etching. Moreover, transmission
electron microscope (TEM) was also used.

2 Results and Discussion

2.1 Spheroidization of & during heat treatment

Fig.l1 shows SEM microstructure of the specimens
undergoing HTA treatment. The phase contrast of a in SEM
images is black. Primary o dispersing in g phase is as nearly
equiaxed, plate-shaped and rod-shaped. Nevertheless, primary
o tends to be spheroidized. The microstructure inhomogeneity
in Fig.1 is associated with the segregation.

Fig.2a shows the selected area electron diffraction (SAED)

patterns of a and S grains in TMC3 undergoing HTA treatment.

It presents the non-coherent a/f interface. The spheroidization
rates of o in the alloy, TMC1, TMC2 and TMC3 are about
28%, 33%, 32% and 35%, respectively. The spheroidization of
o is determined based on an aspect ratio I/b<2, in which | and
b denote the length and thickness of «, respectively.

EDS results in Fig.2b show that the mass fractions (wt%) of
Al, Mo, Fe and Cr at point A are 2.5, 16.3, 2.8 and 3.5,

Table 1 Composites and mass fractions of reinforcements (wt%b)

Specimen B,C addition TiB TiC
TMC1 0.1 0.4 0.1
TMC2 0.2 0.8 0.2
TMC3 0.4 1.6 0.4
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Fig.1 SEM microstructures of the specimens undergoing HTA
treatment: (a) alloy and (b) TMC1

200 nm

Fig.2 TEM images of TMC3 undergoing HTA treatment: (a) a, S
and corresponding SAED pattern and (b) dislocations in a
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respectively, while those at point B are 4.6, 4.4, 0.9 and 1.1,
respectively. The atomic radii of Ti, Al, Mo, V, Fe, and Cr are
140, 125, 145, 135, 140 and 140 pm, respectively. The electro
negativities of the elements are 1.5, 1.6, 1.8, 1.6, 1.8 and 1.6,
respectively. The differences in the atomic radius and electro
negativity cause the segregation of the elements. The
equilibrium grain boundary segregation, Cy, can be estimated
by :

_ C,Aexp(Q/RT) Q)

® " 1+C, Aexp(Q/RT)

where, C,, is solute concentration of elements in grain, and A
is vibrational entropy factor at grain boundary. R and T are gas
constant and absolute temperature, respectively. Q is
difference of distortion energy between grain and grain
boundary. The segregation retards the formation of Frank
dislocation network in «a in Fig.2b, which increases Q and Cy,.
The boundary segregation exerts dragging force on grain
boundary migration (GBM) and thus causes the anisotropy of
GBM.

It only presents in-situ recrystallization in o due to the high
stacking fault energy of hcp structure and high dispersivity of
o, Therefore, the boundary migration of « and f—a phase
transformation shares the same driving force that is chemical
driving force.

On the one hand, the reinforcements increase the segrega-
tion; on the other hand, the reinforcements can promote the
driving force for the boundary migration of o grain by
accelerating diffusion due to the non-coherent a/f interface.
Therefore, the spheroidization rate of a fluctuates somewhat
with the increase of the reinforcements.

2.2 Refinement of g during heat treatment

Fig.3 shows the variation of § grain size with mass fraction
of B,C addition after HTA treatment. As shown in Fig.1,
owing to the effects of the anti-oxidation coating, S phase
decorated with boundary a can be observed after the heat
treatment. The average S grain size in TMCL1 decreases by
more than 40% comparing with that of the alloy. However, the
extent of the microstructure refinement decreases gradually
with increasing the reinforcements.
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Fig.3 Variation of # grain size with mass fraction of B4C addition
after HTA treatment

Fig.4a shows TEM image of TiC and the corresponding
SAED pattern. The distribution and morphologies of TiC are
influenced mainly by the synthesis temperature. TiC particles
precipitate in binary eutectic and ternary eutectic reactions
growing in equiaxial shape’®. Fig.4b shows TEM image of
TiB and SAED patterns of TiB and «. The locations of boron
atoms and the lattice mismatch energy between TiB and Ti
matrix play key roles in the formation of stacking faults™™®.
TiB fiber provides nucleation site for a in Fig.4b. The stacking
faults in o are presented as interference fringe pattern.

TiB has an average length of 7.9 um after heat treatment,
while TiC 2.6 um. The reinforcements have a wide range of
size distribution, e.g. the size of TiC ranges from less than 200
nm to more than 4 um. A broad size distribution of particles
gives rise to a larger Zener dragging force than a narrow size
distribution of particles!™. Therefore, the trace reinforcements
exert large Zener dragging force on the boundary migration of
£ grain.

The g grain sizes less than 20 pum, within 20~30 pum, within
30~40 um, within 40~50 pum are about 12.5%, 25%, 18.75%
and 21.88%, respectively. The size distributions of 10~20 um
and 20~30 pum in TMC1 are 43.75% and 46.87%, respectively.
The size distribution of 10~20 um in TMC2 is 70.3%.
However, the size distribution of 10~20 pm in TMC3 is more
than 90% of the total.

The size distribution of B grain becomes narrow with
increasing the reinforcements. The results indicate that the rate
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—
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Fig.4 TEM images and corresponding SAED patterns of reinforce-
ments TiC (a) and TiB (b)
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of merging of S grains with topological defects is accelerated.

Therefore, the average boundary energy of g grain has a
tendency to decrease with increasing the reinforcements.
Zener drag of the reinforcements, P,, can be assumed by:

_ 31E,

k= > 2
where, Ey is average boundary energy of £ grain, f is volume
fraction of particle, and r is particle size. The decrease of Ey
results in the decrease of P,.

The result in Fig.3 is also associated with boundary «
decorating B. Primary a preferentially precipitates at # grain
boundaries to decrease nucleation energy during heat
treatment. Therefore, the pinning effects of boundary « on the
boundary migration of  grain do not linearly increase with
increasing the reinforcements.

The driving force for the boundary migration of £ grain is
different from that of a. The growth of a increases the
dislocation density in B due to the difference of the specific
volume between o and B. This increases the difference of
distortion energy among S grains, i.e. the driving force for
GBM of g is increased. The reinforcements can accelerate the
precipitation of o by providing nucleation sites for a and
increasing dislocation density.

2.3 Tensile properties of the alloy and composites

Fig.5 shows room-temperature tensile properties of the
alloy and the composites undergoing HTA treatment. The
correlation between g, (yield strength) and d°° (average size

23
_120f = ]
% I - 121 X
£1080F . =
N s 5
4 1198
£ 1040+ S
5 fe S
—_ ~— .
— e —
$£1000F e =g 7
r
960 ’ . 15
00 0l 02 03 04 05
90
11204 "0y B -
g | ~ s
= 1080} > g
{70 8
. 2
g 5
2 1040} 160 ¢
A S 2
QL T @, J o
£ 1000} - %03
= L \\\‘y/ ] 2
5 40
960 4 i L 4 i
00 01 02 03 04 05

B4C Content/wt%

Fig.5 Tensile properties of alloy and composites undergoing heat
treatment: (a) yield stress oy and elongation d; (b) ultimate
stress o, and reduction of area

of g grain) of the materials was examined. The correlation
coefficient is 0.81. Therefore, in addition to the load bearing
of TiB and the dispersion strengthening of TiC, the grain
refinement strengthening also plays an important role in
promoting the strengths of the composites.

The increase of the number of g grains and the load bearing
of TiB can improve the homogeneity of the loads applied to
each g grain. Thus, the refinement of $ and the spheroidization
of a can promote the elongation of the composites by
decreasing crack initiation. During the process of the
concentrated deformation, the crack-tip blunting and crack
deflection caused by the reinforcements as well as the load
bearing of unbroken TiB can contribute to promoting the
reduction of area of the composites. However, partial
increases in the strength and the plasticity of the composites
are offset by the trace reinforcements®®. Therefore, the
plasticity of the composites fluctuates and tends to decrease in
Fig.5.

2.4 Spheroidization of a during isothermal compression

The microstructures of the materials exhibit the characteri-
stics of Widmannstatten structure after HTB treatment. Some
randomly oriented o/f colony structures intersect each other
within a prior f grain. o/f laths are oriented along preferred
orientations (per Burger's orientation relationship between o
and ). Fig.6a shows the microstructure of the end of the alloy

Fig.6 SEM images of specimens undergoing isothermal compres-
sion: (a) alloy and (b) TMC3
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specimen after isothermal compression. The phase contrast is
black; g, white. The compression condition is 840 <C/0.01
s'/60% (temperature/strain rate/deformation reduction). ¢,
Owing to the friction between the specimen and the push rod
of the Gleeble simulator, the microstructure shows the
characteristics of Widmannstatten structure. The microstruc-
ture of TC18 TMC is also refined significantly during
isothermal compression. For example, the average grain sizes
of the alloy are about 86 pm (840 <C/0.01 s'/60%), 78 um
(840 /0.001 5/60%), 83 pum (840 <T/0.001 s7/40%) and 81
pm (790 <C/0.001 s7/60%). However, those of TMC3 are
about 29 pm (840 <T/0.01 s/60%), 26 um (840 </0.001
s'/60%), 27 um (840 </0.001 sY/40%) and 26 pum
(790 <T/0.001 s'/60%). Fig.6b shows the microstructure of
TMC3 after isothermal compression. Generally, o grain is
divided and then is spheroidized during hot deformation. The
olp interface can change from coherent or semi-coherent
interface into incoherent interface during hot deformation,
which leads to the spheroidization of o2, Some « laths in
the o/p colony structure are coarsened and then spheroidized
in Fig.6b. The trace reinforcements accelerate the interface
transformation by increasing lattice distortion, which thus
accelerates the spheroidization of .

The increase of temperature during isothermal compression
can be assumed by ™*:

20 = bml] ®

P,

where K, is average flow stress, and |p,| is deformation
coefficient. p and c, are density and specific heat capacity,
respectively. TiB has an average aspect ratio of 7.1 (length/
diameter). The fibers tend to parallel to the maximum shearing
stress during isothermal compression, which promotes the
load bearing effects of TiB fibers significantly. Fig.7 shows
o-¢ curves of the alloy and TMC3 during isothermal
compression. Owing to the load bearing effects of TiB fibers,
the dispersion strengthening of TiC and grain refinement
strengthening, the strengths of the composites are higher than
that of the alloy. Thus, k., of the composite is higher than that
of the alloy significantly. The deformation temperature of the
composite is promoted remarkably, which accelerates the
diffusion.

As shown in Fig.8, dynamic softening has an absolute
advantage in the competition with work hardening. The
compression condition is 840 <T/0.01 s'/60%. This is partly
attributed to the increase of the deformation temperature. The
dislocation density in Fig.8b is remarkably lower than that in
Fig.8a. The dislocations increase the difference of distortion
energy between grain and grain boundary, which retards the
spheroidization of a. Fig.8b shows the ongoing coalescence
process of two a grains.

Owing to the acceleration of diffusion, the resistance on the
boundary migration of « grain caused by the segregation is
relatively easy to overcome during hot deformation.
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Fig.7 o-¢ curves during isothermal compression: (a) alloy and
(b) TMC3

Fig.8 TEM images of TMC3 undergoing isothermal compression:
(@) near elliptical o and (b) spheroidized a
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3 Conclusions

1) Trace reinforcements accelerate the diffusion and
increase the segregation simultaneously. Therefore, the
spheroidization rate of o fluctuates somewhat with the
increase of the reinforcements during heat treatment.

2) The extent of the microstructure refinement decreases
gradually with increasing trace reinforcements. It is associated
with Zener dragging force exerted by the reinforcements. The
rate of increase of the dragging force tends to decrease with
the increase of the reinforcements.

3) In addition to the acceleration of diffusion, trace
reinforcements also can accelerate the spheroidization of «
lath in the Widmannstatten structure by helping to change the
mismatch of a/f interface during isothermal compression.
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