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ABSTRACT. Monolithic Ti-6Al-4V and Ti-6Al-4V composited with vapor grown carbon fibers (VGCFs) were
fabricated by powder metallurgy (P/M) route in this research. Spark plasma sintering (SPS) subsequent by hot extrusion
was applied in order to fabricate a full-density and high strength composite materials. A severe plastic deformation
during hot extrusion resulted in a dynamic recrystallization (DRX) in a-Ti grains. Dynamic recrystallization was
observed in a low deformation temperature region, which yield point of material was also observed in the stress-strain
curve. Furthermore, the addition of VGCFs encouraged the dynamic recrystallization during hot extrusion. Ti64+0.4
wit-% VGCFs shows the highest tensile strength of 1192 MPa at the end part of the extruded rod where the temperature
of material was lower compared to the tip and middle part during extrusion. Additionally, the improvement in tensile
strength was contributed by solid-solution strengthening of carbon element originated from VGCFs in a-Ti matrix.

Introduction. Ti-6Al-4V alloy (Ti64) is the most well-known among Ti alloys, and used in many
industries. High specific strength, good corrosion resistance and biocompatibility promoted a
widely use of Ti and its alloys such as in aerospace and automobile industries, or medical devices
and prosthesis [1, 2]. Many researchers studied the effect of hot working on microstructure and
mechanical properties of wrought or cast Ti64. A. Momeni et al. studied the effect of deformation
temperature and strain rate on microstructure and flow stress of wrought Ti64 under hot
compression test [3]. Ti64 specimens, which experienced a hot compression test at 1273 and 1323
K, exhibited a large recrystallized o-grain with low flow stress on the microstructure. This
correlated with the results proposed by T. Seshacharyulu et al. and R. Ding et al. for the cast Ti64
[4, 5]. G.Z. Quan et al. studied the modelling for dynamic recrystallization in Ti-6Al-4Al by hot
compression test. The result shows that a flow stress decreases with the increasing of deformation
temperature. The high deformation temperature promotes the mobility at the boundaries for
annihilation of dislocation, and the nucleation and growth of dynamic recrystallization [6]. H.Z. Niu
et al. studied the phase transformation and dynamic recrystallization (DRX) behaviour of
Ti-45Al-4Nb-2Mo-B (at-%) alloy. The results show that the DRX modes were strongly depends on
deformation temperature, and a decomposition of lamellar structure along with the DRX of y and
B2/B grain occurred at low forging temperature [7]. D.L. Ouyang et al. studied the recrystallization
behaviour of Ti-10V-2Fe-3Al alloy after hot compression test. They reported that a partial grain
refinement related to incomplete DRX was observed even after a large strain of 1.6, and an
increment of strain resulted in an increasing of volume fraction of recrystallized grain. The full
grain refinement accompanied by the completely DRX was developed at lower temperature of 1223
K by severe deformation [8]. The dynamic recrystallization behaviour of Ti-5Al-5Mo-5V-1Cr-1Fe
alloy was reported by H. Liang et al. The DRX always occur when the store energy in a material
reaching the critical value. During hot deformation, the increase of flow stress caused by dislocation
generation and interaction resulted in an improvement of strength of Ti alloys. The sample
deformed at 1073 K exhibited higher tensile strength compared to sample deformed at 1153 K
because more dislocations were generated [9]. There are many reports related to dynamic
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recrystallization of Ti alloys but no report in dynamic recrystallization behaviour of Ti64 composite
with VGCF, and its effect on tensile properties of composite material was found yet [10, 12]. The
objective of this research is to study the texture of Ti64 and Ti64 composites fabricated by spark
plasma sintering, and subsequently hot extruded. The effect of dynamic recrystallization on tensile
properties of monolithic Ti64 and Ti64/VGCF composite materials were investigated through this
research. The samples cut from the end and middle part of extruded rod (extruded temperature
lower than 1243 K) show a DRX structure which many of small nucleated grains were observed.
Tensile sample obtained from the part that experienced extrusion at low temperature exhibited a
high tensile strength because a large amount of defects was generated in a sample.

Experimental procedure. Ti-6Al-4V atomization powder (Osaka Titanium Technology Co., Ltd.
TILOP64-45) with a spherical shape and diameter of 45 um (fig. 1a), and vapor grown carbon
fibers (Showa Denko K.K.,VGCFs™) with 8 um in length and diameter of 150 nm (fig. 1b) were
applied in this research. The chemical composition of Ti64 powder was listed in Table 1. Ti64
powder was mixed with cleasafe oil (0.15 g) by table milling equipment for 3.6 ks with rotation
speed of 90 rpm and subsequently mixed with VGCFs by rocking milling for 7.2 ks. Rocking
milling was performed for long time in order to provide a uniform distribution of VGCFs on
powder surface. The Ti64 composite materials were fabricated in three compositions such as 0, 0.1
and 0.4 wt-% of VGCFs. The Ti64/VGCFs mixed powder was poured in the carbon container,
which has an inner diameter of 42 mm. The inner wall of container was sprayed with boron nitride
to prevent a reaction between Ti64 powder and carbon container during SPS. The monolithic Ti64
and mixed Ti64/VGCFs powder were pre-compacted by hydraulic hand press under pressure of 20
MPa before sintering. The green compacts were consolidated by spark plasma sintering (Syntech
CO. SPS103S) at 1273 K with heating rate of 0.54 K/s for 1.8 ks, and the pressure of 30 MPa was
introduced to a green compact under vacuum atmosphere of 5 Pa. Afterwards, the sintered billets
were preheated in a horizontal image furnace at 1323 K for 0.6 ks under argon atmosphere before
hot extruded into 12 mm in diameter rod by 200 ton press machine (THK Slidepack FBW3950R
1200L) with an extrusion speed of 6 mm/s. The sintered billets and extruded specimens were cut for
microstructure observation. For extruded rod, the samples were cut from three positions which are
shown in fig. 2. The samples were ground with SiC abrasive paper, polished with Al>Os colloidal
and etched by Kroll etchant (H2O:HNOs:HF = 100:5:1) for microstructure observation. For EBSD
analysis, the specimens were polished with SiO2 colloidal by vibratory polisher. The
microstructures observation and phase analysis of sintered and extruded specimens were performed
by optical microscope and scanning electron microscope (JEOL JSM6500F). The grain size and
texture were analysed by electron back-scatter diffraction (EBSD) method. The tensile samples
were machined from three positions in extruded rod (fig. 2) with 20 mm in gauge length and 3 mm
in diameter. The universal tensile test machine (Autograph AGX 50 kN, Shidmazu) was applied for
tensile test with strain rate and cross head speed of 5x10™* s and 6 mm/min, respectively.

15.0kV X2,000

Fig. 1. SEM micrograph of (a) Ti-6Al-4V atomization raw powder, (b) Vapor grown carbon fibers
(VGCFs).
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Table 1. Chemical composition of Ti-6Al-4V atomization raw powder (wt-%).
Material Al \Y/ Fe C O N H Ti
Ti-6Al-4V  6.12 4.48 0.03 0.01 0.13 0.014 0.006 Bal

=i
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g
—Tip (1)
= High temperature deformation

Fig. 2. Microstructure observation positions in extruded rod.

Results and discussion. The microstructures of Ti64 and Ti64+0.1wt-%VGCFs after SPSed
including texture information such as pole figure (PF), inverse pole figure (IPF) and intensity of
each plane direction are shown in fig.3. The monolithic Ti64 that was SPSed at 1273 K, which is
above f transus temperature (1243 K) shows a large prior B grains of 170 um (separated by yellow
dash line) and a-lamellar colonies inside B grain (fig. 3a). The microstructure evolution was
explained by the change of allotropy at 1243 K from a (hcp) to B (bce) during heating followed by
precipitation of a-lamellar phase inside grain and along the grain boundaries of prior B during
cooling. On the other hand, Ti64+0.1wt-%VGCFs shows a different microstructure structures
compared to monolithic Ti64 (fig. 3b). The microstructure of Ti64+0.1-wt%VGCFs consisted of
a-lamellar and a-equiaxed which formed during cooling from B region to a+p region, and o+f
region to a region, respectively [13, 14]. This microstructure evolution was also observed in
Ti64+0.4-wt%VGCFs. The difference in microstructure between monolithic Ti64 and Ti64/VGCFs
composite material was explained by an effect of a stabilizer of carbon that increased  transus
temperature of composite material. Crystal orientation of Ti64 and Ti64+0.1wt-%VGCFs after
SPSed was shown in fig. 3c and 3d, respectively. The random crystal orientation was observed in
both materials including Ti64+0.4wt-%VGCFs, which was similar to cast alloy [15].
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Fig. 3. SEM micrograph of (a) Ti64 and (b) Ti64+0.1wt-%VGCFs with attached pole figure (PF)
and inverse pole figure (IPF) of (c) Ti64 and (d) Ti64+0.1wt-%VGCFs.

The microstructure of Ti64 and Ti64+0.4-wt%VGCFs observed from different positions in extruded
rod in transversal direction by optical microscope were shown in fig. 4. Henceforth, monolithic
Ti64, Ti+0.1-wt%VGCFs and Ti+0.4-wt%VGCFs will be name as T0, T0.1 and T0.4, respectively.
Figure 4 shows a microstructure of T0O-1 and T0.4-1 cut from a tip of extruded rod (A-X represents
a sample name, in which A is a material and X is a position in extruded rod showed in fig. 2). A
fine a-lamellar and o-equiaxed structure compared to SPSed sample was observed in extruded
sample due to an effect of plastic deformation. The size of a-lamellar colony and a-equiaxed
observed in TO and T0.4 at position 2 and 3 (fig. 4b-4c and 4e-4f) was finer compared to sample
obtained from position 1 (fig. 4a and 4d). This phenomenon was also observed in Ti0.1 as well. A
large additional amount of VGCF in Ti0.4 resulted in a carbide phase formation, its periodic
formulae was evaluated by EDS as TigCaz.75.
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Fig. 4. Optical microstructure of Ti64 (a) TO-1; (b) TO-2; (c) TO-3 and Ti64+0.4-wt%VGCFs (d)
Ti0.4-1; (e) Ti0.4-2; (f) Ti0.4-3 in transversal direction.

Figure 5 shows crystal orientation, pole figure (PF) and inverse pole figure (IPF) from three
positions in Ti0 rod analyzed by EBSD. Figure 5a shows a crystal orientation of Ti0-1, which was
extruded at temperature higher than B transus (1243 K). This sample exhibited a strong intensity in
[0001] direction which parallel to extrusion direction, and a grain size of 16 um was observed.
TiO-2, which was extruded at temperature lower than B transus (1173 K), shows some small
nucleated grains on microstructure with a decreasing in intensity in [0001] direction. This sample
shows a grain size of 10 pum, which was smaller, compared to TiO-1 (fig. 5b). For Ti0-3, this
position was extruded at temperature lower than 1173 K. A very small grain size of 1.3 pum and a
large amount of nucleated grain was observed, grain morphology was changes from a-lamellar to
a-equiaxed. The intensity in [0001] direction was decreased compared to Ti0-2. These results
indicated that a dynamic recrystallization (DRX) was occurred in Ti0-3 sample (fig. 5c). The
important factor that induced a DRX during hot extrusion was a deformation temperature, which
different at each position in extruded rod. The deformation temperature will control a stored energy
in extruded material [16]. TiO-1 was extruded at highest temperature compared to other position
(over B transus temperature), deformation at high temperature in a  phase region lead to an
insufficient stored energy for DRX. The stored energy in Ti0-2 (fig. 4b) was higher than Ti0-1
because more defects such as dislocation and stress was generated in a material deformed at low
temperature compared to high temperature [17]. Similarly, a large amount of dislocations was
generated in a material after cold deformation. This phenomenon was clearly observed in Ti0-3, a
high degree of DRX resulted in a random crystal orientation.
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Fig. 5. Crystal orientation, inverse pole figure (IPF) and pole figure (PF) in transversal direction of
(a) Ti0-1; (b) Ti0-2; (c) Ti0-3.

Figure 6 shows a crystal orientation, PF and IPF of extruded Ti composited with 0.1 wt-%VGCFs.
Ti64 with 0.1wt-%VGCFs shows a nucleation of new grain in a high extruded temperature position
(fig. 6a). The grain morphology of Ti0.1-1 was different from TiO-1 because microstructure of
Ti+0.1wt-%VGCFs was a-equiaxed after SPSed. An average grain size of Ti0.1-1 was 2 um after
extrusion but not uniform. The microstructure of Ti0.1-1 composed of prior a-equiaxed grain and a
small nucleated grain, which indicated that DRX was not completed due to low stored energy. The
small nucleated grain was ceased to growth during cooling, and a final microstructure was
non-uniform. A DRX was easier to observe in samples mixed with VGCFs compared to monolithic
Ti64 because an interstitial solid solution of carbon in Ti64 matrix acted as a defect, which
increased a stored energy when material was deformed [16]. Ti0.1-2 shows a similar grain
morphology, grain size and intensity in [0001] direction to Ti0.1-1 (fig. 6b). However, Ti0.1-3
shows a uniform grain size of 1.5 pm, and intensity in [0001] direction was decreased compared to
Ti0.1-2 (fig. 6¢). The uniform grain size and a random crystal orientation indicated that Ti0.1-3
exhibited higher DRX degree compared to Ti0.1-2 [18].
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Fig. 6. Crystal orientation, inverse pole figure (IPF) and pole figure (PF) in transversal direction of
(a) Ti0.1-1; (b) Ti0.1-2; (c) Ti0.1-3.

Figure 7 shows a crystal orientation, PF and IPF of extruded Ti composited with 0.4wt-%VGCFs.
Ti64+0.4wt-%VGCF shows a similar microstructure to Ti64+0.1wt-%VGCF that a small nucleated
grain and prior a-grain with a size of 2 pum was observed in Ti0.4-1 and Ti0.4-2 (fig. 7a and 7b). For
Ti0.4-3, a uniform grain size of 1.5 um was observed after nucleated grain growth, and a lowest
intensity in [0001] direction among three samples was detected (fig. 7c¢). From crystal orientation,
PF and IPF results, a DRX was strongly depended on a stored energy in a material. The stored
energy was increased by decreasing of deformation temperature or an effect of solid solution of
carbon. A. LUCCI et al. reported that an addition of various substitution alloying elements to Cu in
a low content enable to induced a dynamic recrystallization after deformation by increasing a stored
energy in a material [19].
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Fig. 7. Crystal orientation, inverse pole figure (IPF) and pole figure (PF) in transversal direction of
(a) Ti0.4-1; (b) Ti0.4-2; (c) Ti0.4-3.

Tensile properties of Ti64, Ti64+0.1wt-%VGCF and Ti64+0.4-wt%VGCF obtained from different
position in extruded rod were listed in table 2. For all materials, the lowest and highest of 0.2%YS
and UTS was obtained from tip and end of extruded rod, respectively. During hot extrusion,
position 1 was extruded at highest temperature (the first part to be extruded) compared to other
position resulted in a low shear stress, and small amount of dislocation was formed in material. The
flow stress was decreased by increasing of deformation temperature [3]. Samples that were obtained
from position 2 and 3 show an increasing in tensile strength and yield strength compared to position
1 instead of decreasing because of dislocation removal by an effect of DRX. This was implied that
shear stress generated by hot extrusion induced a DRX, and simultaneously generated a new
dislocations at grain boundary during DRX. The size of new grains were very fine (fig. 4c and 4f)
then a considerable amount of dislocations was formed in material resulted in an improvement of
tensile strength with a traded off of elongation. Ti64 composite with VGCFs exhibited higher
tensile strength compared to monolithic Ti64 obtained from same position because an effect of solid
solution strengthening of carbon [20]. 0.2%YS and UTS of Ti64+0.4wt-%VGCFs was small
decreased compared to Ti64+0.1wt-%VGCFs for sample obtained from same position due to a
large amount of brittle carbide phase formation (fig. 4).

Table 2. Tensile properties of TiO, Ti0.1 and Ti0.4 obtained from different position in extrusion rod.

Ti64 Ti64+0.1wt-%VGCF Ti64+0.4wt-%VGCF
Position | UTS | 0.2%YS | Elongation | UTS | 0.2%YS | Elongation | UTS | 0.2%YS | Elongation
(MPa) | (MPa) (%) (MPa) | (MPa) (%) (MPa) | (MPa) (%)
1 990 943 15.2 1127 1087.0 17.7 1191 1069 10.9
2 1121 1002 12.9 1166 1165 18.1 1150 1150 9.1
3 1131 1092 9.4 1190 1170 12.0 1192 1192 7.4
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Stress-strain curve of Ti0, Ti0.1 and Ti0.4 extruded material obtained from different positions in
extruded rod was shown in fig.8. For monolithic Ti64, Ti0-1 and Ti0-2 shows ductile behaviour that
stress-strain curve exhibited no yield point. On the other hand, Ti0-3 obtained from DRX region
exhibited a yield point in stress-strain curve with highest UTS of 1130.8 MPa (fig. 8a). This is
because a considerable amount of dislocation formed in a part that extruded at low temperature. In
the case of Ti0.1, yield point was observed in Ti0.1-2 and Ti0.1-3 (fig. 8b and c). From a principle,
yield point was developed in a material that gained a sufficient shear stress, resulted in a permanent
displacement of atom [9]. This was occurred in sample which experienced a deformation at low
temperature such as the end part in extruded rod. For Ti64/VGCFs composite material, yield point
was observed in samples obtained from position 2 because interstitial solid solution of carbon
provided an additional shear stress in material [20]. Ductility of Ti0.4 was much lower than
monolithic Ti0 and Ti0.1 due to a formation of large amount of TieCa 75 brittle intermetallic phase.
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Fig. 8. Stress-strain curve of extruded materials obtained from different positions (a) TiO; (b) Ti0.1;
(c) Ti0.4.

Summary. The high stored energy in monolithic Ti or Ti composites was obtained when material
experienced a deformation at low temperature or by an effect of solid solution of carbon, resulted in
a DRX. The improvement of tensile strength of TiO, Ti0.1 and Ti0.4 was obtained by DRX
followed by dislocation formation during hot extrusion. The details are mentioned below.

1. The dynamic recrystallization (DRX) was occurred in sample that extruded at low
temperature resulted in high stored energy in material. The small recrystallized grain was observed
as evidence.

2. The solute carbon atom from vapor grown carbon fibers (VGCFs) in Ti64/VGCFs
composite materials acted as a defect that provided additional stored energy in material during hot
extrusion, and facilitate a DRXed.

3. The formation of dislocations at grain boundary during DRX at low deformation
temperature which many small nucleated grains were formed resulted in improvement in yield and
tensile strength. The increased value was small but systematically occurred for all samples.
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