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Effects of Solidification Conditions on Grain
Refinement Capacity of TiC in Directionally Solidified
Ti6Al4V Alloy

NAOKI DATE, SHUNYA YAMAMOTO, YOSHIMI WATANABE, HISASHI SATO,
SHIZUKA NAKANO, NAOKO SATO, and SHINSUKE SUZUKI

In this study, the effects of solidification conditions on the grain refinement capacity of
heterogeneous nuclei TiC in directionally solidified Ti6Al4V alloy were investigated using
experimental and numerical approaches. Ti6Al4V powder with and without TiC particles in a
Ti6Al4V sheath was melted and directionally solidified at various solidification rates via the
floating zone melting method. In addition, by using the phase field method, the microstructural
evolution of directionally solidified Ti6Al4V was simulated by varying the temperature gradient
G and solidification rate V. As the solidification rate increased, the increment of the prior b
grain number by TiC addition also increased. There are two reasons for this: first, the amount of
residual potent heterogeneous nuclei TiC is larger. Second, the amount of TiC particles that can
nucleate becomes larger. This is because increasing the constitutional undercooling DTc leads to
the activation of a smaller radius of heterogeneous nuclei and a higher nucleation probability
from each radius. At a cooling rate R higher than that in the floating zone melting experiment (R
= 3 to 1000 K/s), the maximum degree of constitutional undercooling DTc,Max has a peak value,
which suggests that constitutional undercooling DTc has a smaller contribution at higher cooling
rates, such as those that occur during electron beam melting (EBM), including laser powder bed
fusion (LPBF).
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I. INTRODUCTION

THE titanium alloy Ti6Al4V is the most widely used
alloy in the medical,[1] aircraft, and advanced aerospace
industries[2] because of its high specific strength and
excellent corrosion resistance[3] It is well known that
metals and alloys such as Ti6Al4V usually solidify with
coarse columnar grain structures under normal casting
conditions. However, these columnar grains are gener-
ally regarded as unfavorable because their presence can
impart solidification defects and anisotropic mechanical

properties. Thus, grain refinement for alloys, which
leads to a fine-equiaxed microstructure with optimum
mechanical performance, is very important. Recently,
Ti6Al4V has often been used in additive manufacturing,
and the formation of columnar grains has been com-
monly reported.[4] Thus, a fine-equiaxed microstructure
is desired in additive manufacturing.
The addition of heterogeneous nuclei is an effective

way to form fine-equiaxed microstructures, and it is
widely applied in practice, such as in casting. Previous
studies on grain refiners have mainly focused on cast
aluminum alloys,[5–7] and a number of mature, com-
mercially utilized grain refining solutions for aluminum
alloys have been produced.[8–10] Other systems, such as
titanium alloys, have few known potent heterogeneous
nuclei; however, various studies on Ti6Al4V grain
refiners have been conducted in recent years, and some
effective grain refiners for Ti6Al4V have been identified,
such as Nb, W, and La2O3.

[11,12] TiC has also been
found to be an effective grain refiner. For example,
Watanabe et al. clarified that the addition of approxi-
mately 0.3 vol pct of TiC particles resulted in grain
refinement of Ti6Al4V during laser powder bed fusion
of metals.[13] Yamamoto et al. clarified that fine-e-
quiaxed prior b grains were formed in the directionally
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solidified Ti6Al4V alloy by TiC addition, and the
number of grains increased with increasing TiC addi-
tion. Moreover, TiC particles partially melted in molten
Ti6Al4V, and fine-equiaxed grains were generated from
the residual TiC particles.[14] Although it is known that
fine-equiaxed grains can be obtained at high solidifica-
tion rates, in general, the effects of solidification rates on
the amount of residual TiC particles present during the
process and the grain refinement capacity of TiC
particles in directionally solidified Ti6Al4V alloy have
not been clarified.

The multi-phase field method (MPFM) coupled with
the database of calculation phase diagrams (CAL-
PHAD) is a powerful tool for the simulation of
solidification microstructural evolution, and many stud-
ies on equiaxed solidification by MPFM and CAL-
PHAD have been reported. Bottger et al. reported that
the combination of an MPFM and a nucleation model
for multi-element systems is valuable for simulating the
refinement process during the equiaxed solidification of
an aluminum alloy.[15] In this research, nucleation is
simulated by statistically distributed seed particles,
considering the shielding of nucleation sites by recales-
cence, solute diffusion, and growth of the solid phase.
Nomoto et al. also simulated grain refinement during
the equiaxed solidification of alloys belonging to the
Al-Ti-B and Al-Si-Ti-B systems by MPFM together
with CALPHAD.[16] In particular, in the field of
titanium alloy Ti6Al4V, some studies on the microstruc-
tural evolution simulation of Ti6Al4V alloy in additive
manufacturing using the phase field method have been
reported; however, few studies have been reported on
the effects of the solidification rate and temperature
gradient on the grain refinement capacity of TiC in
directionally solidified Ti6Al4V. In addition, in general,
changing the solidification rates leads to a difference in
the constitutional undercooling DTc provided by the
solute in the liquid ahead of the growing solid–liquid
interface, and which affects heterogeneous nucleation.
By using a MPFM coupled with CALPHAD, constitu-
tional undercooling DTc provided by aluminum and
vanadium solutes around the solidification front can be
obtained, and the directional solidification process of
Ti6Al4V can be visualized.

The objective of this study is to clarify the effects of
solidification rate on the amount of residual TiC
particles and the grain refinement capacity of TiC
particles in directionally solidified Ti6Al4V alloy using
experimental and numerical approaches. Ti6Al4V pow-
ders with and without TiC particles were melted and
solidified directionally at various solidification rates via
the floating zone melting method. In addition, by using
the MPFM coupled with CALPHAD, the microstruc-
tural evolution of Ti6Al4V during directional solidifi-
cation under varying temperature gradient and
solidification rate was simulated. Thereafter, the effects
of constitutional undercooling DTc on heterogeneous
nucleation from TiC particles were investigated. The
experimental conditions of temperature gradient and
solidification rate as well as the higher cooling rate and
lower temperature gradient were simulated, and the
effects of the thermal conditions of the solidification

process on the grain refinement capacity of TiC were
investigated.

II. EXPERIMENTAL AND SIMULATION
PROCEDURE

A. Directional Solidification

Figure 1 shows the sample rods that were prepared by
filling a Ti6Al4V sheath with the material powder.
Ti6Al4V powder (<u45 lm, Osaka Titanium Technolo-
gies Co., Ltd.) was used as the raw material, and the
compositions of the Ti6Al4V sheath and powder are
listed in Table I. TiC particles (<u5 lm, Kojundo
Chemical Laboratory Co., Ltd.) were mixed with
Ti6Al4V powder in a cylindrical bottle (u95 mm in
diameter, 184 mm in length) that was rotated for 1 hour.
The nominal TiC fractions were 0.0 and 2.0 vol pct for
the mixed powder, as shown in Table II. The mass of the
added TiC particles was calculated using the density of
solid Ti6Al4V (4.43 9 103 kg/m3[17]) and TiC (4.93 9 103

kg/m3[18]).
The size distribution of the TiC particles was

measured using a particle analyzer (qNano, IZON
Science Ltd.), as shown in Figure 2. The maximum
particle diameter dmax was 3.43 lm, the minimum
particle diameter dmin was 0.947 lm, the mean particle
diameter dmean was 1.41 lm, and the standard devia-
tion of the particle distribution r was 0.323. The
qNano operates on the basis of scanning ion occlusion
spectroscopy (SIOS) technology, which is similar to the
coulter technique, also known as resistive pulse
sensing. The tested 1 g of TiC sample had 18:8� 1012

particles, and in this study, the number of particles in
the 2.0 vol pct TiC (0.340 g) was estimated to be
6:41� 1012 ð1:60� 105 mm�3Þ:

Fig. 1—Schematic illustration of a sample. (a) Ti6Al4V sheath, (b)
cross section of Ti6Al4V sheath, and (c) cross section of sample with
powder.
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The samples were melted and solidified directionally
at various pulling rates (= 1, 3, 5, 10, and 15 mm/min)
by the floating zone melting method. In this study, the
pulling rate was described as the solidification rate V
because the vertical length of the melt pool was almost
the same during directional solidification, and the
pulling rate was considered to be equal to the solidifi-
cation rate. The experimental flow is illustrated in
Figure 3. The sample was placed in a quartz glass tube,
and a high-frequency induction heating coil was set
outside the glass tube. To prevent oxidation of the
samples, the glass tube was evacuated and filled with Ar
gas to less than 6 Pa before heating. This replacement
was repeated three times. Then, the sample was heated
at 2.3 kW. After the sample was melted and solidified
for longer than 90 mm, heating and moving were
stopped.

B. Temperature Measurement

During melting and solidification, the temperature
around the melt pool was measured using a two-color
pyrometer (Thermera-seenU, Mitsui Photonics. Ltd.),

and a temperature gradient G at position z (defined as
the interface between the melt pool and the solidified
part, as shown in Figure 4) at various solidification rates
(V = 1, 3, 5, 10, and 15 mm/min) was obtained. This
temperature gradient was derived from the temperature
distribution between z and z + 3 mm using the
least-squares method.

C. Microstructure Observation

After directional solidification, the samples were cut
into eight pieces (every 10 mm in the range between z =
0 and 80 mm, where the top side of the induction coil
before the movement began was defined as the position z
= 0 mm), and each piece was cut through the center in
the longitudinal direction. After polishing with a series
of emery papers (P600, P1200, and P2400) and buffing
with diamond suspension (6 lm and 1 lm), the cross
section was etched with Kroll’s etchant and observed to
evaluate the geometry of the grains.
The prior b grains were observed through optical

microscopy (OM, VHX-5000, Keyence Corporation),
and when observing the grains, the region between each
piece of approximately 1 mm was complemented. The
aspect ratio (= Lz (height of the grain)/Lx (width of the
grain)), equivalent diameter deq, and the number of prior
b grains were evaluated, as shown in Figure 5.

D. Concentration Analysis

The composition of the TiC-added samples was
analyzed using an electron probe microanalyzer
(EPMA, JXA8100, JEOL Ltd.). The amounts of the
elements—Ti, Al, V, C, and O—were measured quan-
titatively at two points of z = 20 mm, and EPMA
mapping around the precipitates was obtained. The
images of precipitates around positions z = 20, 40, and
60 mm were observed using an optical microscope
(OM), and the area percentage of these precipitates was
measured using image processing software (WinRoof,
Mitani Corporation).

E. Phase Field Simulation

In this study, a phase field model was applied. Based
on the experimental parameters of the floating zone
(solidification rate V and temperature gradient G), the
effects of the solidification rate on the grain refinement
capacity of TiC were assessed qualitatively based on
more specific aspects, such as heterogeneous nuclei
radius and the number of nucleated grains of the
simulation results. Simulations were performed using
phase field software MICRESS 7.01 and

Fig. 2—Size distribution of TiC particles. In the figure, dmax, dmin,
dmean, and r represent the maximum particle diameter, minimum
particle diameter, mean particle diameter, and standard deviation of
the size distribution, respectively.

Table I. Composition of Ti6Al4V Powder and Sheath (Mass Pct)

Al V Fe O C H N Ti

Powder 6.22 3.99 0.190 0.140 0.008 0.007 0.004 Bal.
Sheath 6.13 4.30 0.22 0.15 0.027 0.0017 0.003 Bal.

Table II. TiC Addition Amount

Sample Name

Nominal Amount
(to Powder)
Vol Pct

Substantial Amount
(to Sheath and Powder)

Vol Pct/Mass Pct

Without TiC 0.0 0.0 / 0.0
With TiC 2.0 1.1 / 0.27
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thermodynamic data for the Ti-Al-V system were
derived using Thermo-Calc software from the CAL-
PHAD database. SSOL7 was used as the thermody-
namic database for general alloys, including titanium,
aluminum, and vanadium. In addition, MOBTi was
used as the diffusion mobility database for the titanium
alloys. Table III shows the material properties of the
Ti6Al4V alloy used in this simulation.
In the present simulations, to consider solidification

from liquid to b(Ti), two liquid and b(Ti) phases were
modeled, and the solid-phase transformation from b(Ti)
to a(Ti) was not considered. To model the heteroge-
neous nucleation of b(Ti) grains from TiC, the seed
density model implemented in MICRESS was used. This
model describes how nucleation from the melt is
triggered by small seeding particles. In principle, the
critical nucleation undercooling DTn of a given phase on
the seeding particles depends essentially on the radius of
the seeding particle and the surface energy of the new
phase in the liquid. If a radius-density distribution of the
seeding particles is specified, depending on the cooling
conditions, the model can predict the number of nuclei
formed. Thus, it is necessary to input the distribution
density versus the size of the TiC particles as potential
sites for the nucleation of b(Ti). TiC potential sites for
b(Ti) nucleation were randomly placed in the simulation
domain. The value for critical nucleation undercooling
DTn was calculated from the particle size according to
the hemispherical cap model.[21] In this study, the size
distribution of TiC particles obtained by a particle
analyzer (qNano, IZON Science Ltd.), as shown in
Figure 2, was used, and the total seed density number
was set to 1 9 1010 m�3 for all simulation cases.
Figure 6 shows the seed density distribution used in this
simulation.

R½K=s� ¼ G½K=mm� � V½mm=min�
60

: ½1�

Fig. 3—Flow of the experiment. (a) Sample is placed in a floating zone melting apparatus, (b) partial melting of sample and moving begins, (c)
sample moves downward and the temperature of the melt pool is monitored by a two-color pyrometer, (d) heating and moving stop, and (e) the
sample is cut into eight pieces for observation.

Fig. 4—Schematic image obtained by two-color pyrometer. (position
z is defined as the interface between the melt pool and the solidified
part).

Fig. 5—Schematic images of the evaluation of prior b grains. Grain
number, equivalent diameter deq, and aspect ratio Lz/Lx of the prior
b grain were evaluated.
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The thermal condition of the simulation is determined
using Eq. [1]. The value of the temperature gradient G
was obtained from the temperature distribution in the
melt pool discussed in part IV.A. In particular, at V = 1
and 3 mm/min, the temperature gradient G was
obtained by linear interpolation of other values of
temperature gradient G. Table IV shows the thermal
conditions of the floating zone experiment used in this
simulation.

Figure 7 shows the simulation domain of
2000 9 2 9 4000 lm (1000 cells 9 1 cell 9 2000 cells,
cell size of 2 lm). A thin layer of solid b(Ti) phase (2000
lm 9 2 lm 9 8 lm) was placed at the bottom of the
domain. Solid grains starting from the bottom phase
grow epitaxially as observed in the floating zone
method. In this domain, the number of heterogeneous
nuclei was 84, and this was automatically calculated
from the total seed density (1 9 1010 m�3) and size of the
simulation domain.

The validity of simulation outputs was confirmed by
comparison with the experimental results. As discussed
in Section III, the experimental results show that the
amount of grains increased as TiC addition increased
and as the solidification rate increased. In addition, in
the phase field simulation using the experimental tem-
perature gradient G and solidification rate V, the
number of nucleated grains was larger and more
fine-equiaxed grains appeared as the solidification rate
increased. As discussed above, the simulation outputs
qualitatively agreed well with the experimental results.

III. RESULTS

A. Temperature in a Melt Pool

When measuring the temperature of the melt pool
using a two-color pyrometer, a vapor deposition layer
was observed on the inner surface of the glass tube at all
solidification rates. Figure 8 shows the images of the
melt pool that were measured by the two-color pyrom-
eter at each solidification rate. In the images, vapor
deposition was observed as the shadow, and the vapor
deposition layer on the glass tube made the images
slightly dark. As the solidification rate decreases, the
shadow becomes darker because a thicker vapor depo-
sition layer is formed, and this vapor deposition disrupts
the measured temperature distribution in the melt pool.
Figure 9 shows the temperature distribution of the melt
pool as measured using two-color pyrometer images. At
any solidification rate, the temperature distributions
tend to increase as the position z increases. The
temperature of the melt pool was lower than the
liquidus Ti6Al4V temperature (1943 K[22]), and the
temperature gap between the measured and liquidus
temperatures increased as the solidification rate
decreased. More details are discussed in part IV.A.
The two-color pyrometer operates by determining the
ratio of the brightness temperatures at two wavelengths
of the image. Thus, slightly dark vapor deposition layer
images can result in errors in measuring the temperature
of the melt pool, and thus, this vapor deposition layer
can lower the measured temperature. As the solidifica-
tion rate decreases, the time to complete melting and
solidification becomes longer, and the inner surface of
the glass tube is exposed to the melt pool for a longer
time. Thus, vapor deposition was more likely to occur,
and the measured temperature decreased as the solidi-
fication rate decreased.

B. Directionally Solidified Microstructure

Figure 10 shows the directionally solidified Ti6Al4V
microstructure with and without TiC particles observed
between z = 30 and 40 mm. The micrographs shown in
the row labeled with ‘‘After drawing G.B.’’ are the
edited images created by drawing black lines on the

Fig. 6—Seed density distribution used in this simulation.

Table III. Material Properties of Ti6Al4V

Interface Energy Between
Liquid and b(Ti) [JÆm�2]

0.8[19]

Interface Mobility Between
Liquid and b(Ti) [m4ÆJ�1Æs�1]

4� 10�2

Liquid Diffusion Coefficient [m2Æs�1] Al 9:5� 10�9[20]

V 9:5� 10�9[20]

Fig. 7—Simulation domain of 2000 lm 9 2 lm 9 4000 lm. The
temperature gradient is imposed along the y-axis as indicated. A thin
layer of solid b(Ti) phase (2000 lm 9 2 lm 9 8 lm) was set at the
bottom of the domain.
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prior b grain boundaries (GB) that were judged by OM
observation. The microstructure is composed of rela-
tively large vertically elongated grains and isotropic
small grains in a mixture, and this tendency was present
over the entire microstructure.

Figure 11 shows the relationship between the solidi-
fication rate V and the number of prior b grains in the
range from z = 0 to 80 mm. At all solidification rates,
the total number of grains increased with the addition of
TiC. In addition, the increase in grain number with the
addition of TiC increased as the solidification rate
increased. Especially at a solidification rate of V = 1
mm/min without TiC addition, the prior b GB did not
appear over the entire microstructure. At a solidification
rate of V = 1mm/min with TiC addition, large and
small grains appeared in the mixture up to z = 40 mm;
however, the prior b GB did not appear above z = 40
mm, and there were no significant differences above z =
40 mm with and without TiC. From these results, we can
conclude that TiC addition has no effect on grain
refinement at V = 1 mm/min, and TiC particles are
effective for grain refinement of Ti6Al4V when the
solidification rate V is higher than 1 mm/min.

Figure 12 shows the cumulative number of prior b
grains relative to the equivalent diameter deq. The
number of relatively small grains increased with an
increase in the solidification rate or TiC addition.
Figure 13 shows the aspect ratio of the prior b grains
versus their equivalent diameter deq. With the addition
of TiC, grains with a relatively small deq and small
aspect ratio appeared. As mentioned above, at a
solidification rate of V = 1 mm/min, several GBs were
observed in the sample with TiC, while no GB was
observed in the sample without TiC. At a solidification

rate of V = 1 mm/min with TiC, all of the GB were
observed below z = 40 mm, and no GBs was observed
above z = 40 mm.

C. Composition and Fraction of Precipitates

From the SEM observations shown in Figure 14,
acicular-shaped precipitates, which were also observed
in previous research,[14] appeared to cross the a + b
phase in the TiC-added samples at all solidification rates
(V = 1, 3, 5, 10, and 15 mm/min). On the other hand,
without the addition of TiC, precipitates could not be
observed regardless of solidification rates. Figure 15
shows EPMA mapping around the precipitates at a
solidification rate of V = 1 mm/min. Focusing on the
region of the precipitates, Ti, O, and C were mainly
detected, and C was detected at a relatively higher level
than any other element. A similar tendency was con-
firmed not only at V = 1 mm/min, but also at other
solidification rates.
Table V shows the compositions of the precipitates at

various solidification rates that were obtained by EPMA
quantitative analysis. Regardless of the solidification
rate, the fraction of C was approximately 10 mass pct
(25–28 mol pct), and the fraction of Ti was 82 to 85 mass
pct (52 to 54 mol pct) in the precipitates.
Figure 16 shows the images of the precipitates

observed by OM at various solidification rates (V = 1,
3, 5, 10, and 15 mm/min) around z = 60 mm with
TiC-added samples. From the images at z = 20, 40, and
60 mm, the average area percentages of the precipitates
were calculated. Figure 17 shows the relationship
between the fraction of precipitates (area percentages)
and solidification rates. There are some variations

Table IV. Thermal Conditions of Floating Zone Experiment

Label
Solidification Rate

V/mmÆmin�1
Temperature Gradient

G/KÆmm�1
Cooling Rate

R/KÆs�1

Conditions of FZ Experiment 1 0.826 0.0138
3 2.48 0.124
5 4.64 0.387
10 8.14 1.36
15 12.3 3.08

Fig. 8—Melt pool as observed by a two-color pyrometer at each solidification rate around z = 60 mm. The upper side of the image shows the
unsolidified part, and the lower side of the image shows the solidified part, and the middle section shows the melt pool.
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between the z-direction (z = 20, 40, and 60 mm) in the
figures; however, in terms of solidification rates, there is
a tendency that the area percentage of the precipitates
decreases with increasing solidification rates.

D. Simulated Microstructure for Each G and V
Condition of the Floating Zone Experiment

Figure 18 shows the simulated microstructure for
each G and V condition of the floating zone experiment.

In the first stage of solidification, a thin layer of solid
b(Ti) phase at the bottom of the domain grew epitaxially
in the direction of the temperature gradient. Subse-
quently, nucleation from heterogeneous nuclei occurred.
The number of grains was 4 at V = 1 mm/min, 15 at V
= 3 mm/min, 27 at V = 5 mm/min, 52 at V = 10 mm/
min, and 70 at V = 15 mm/min. As the solidification
rate increased, the number of nucleated grains increased,
and more fine-equiaxed grains appeared. Figure 19
shows the predicted segregation of aluminum and

Fig. 9—Temperature distribution of the melt pool measured by two-color pyrometer images at z = 60 mm. (a) V = 1 mm/min, (b) V = 3 mm/
min, (c) V = 5 mm/min, (d) V = 10 mm/min, and (e) V = 15 mm/min.
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vanadium during solidification, and Figure 20 shows the
solute profiles of aluminum and vanadium extracted at a
steady state for each G and V condition. The extracted
line of the solute profile was set to the nucleation front
of the grains; at the time, the grain radius reached 100
lm. As shown in Figure 19, the vanadium solute was
rejected from the interface of an already nucleated and
growing grain, whereas the aluminum solute was thick-
ened at the solid side of the interface. Although these
profiles could vary a little depending on location and

were also affected by the surrounding grains, they
presented a typical scenario for each case. As shown in
Figure 20, as the solidification rate increased, the
vanadium solute accumulated, and the aluminum solute
was more thickened at the solid side of the interface.
Furthermore, the solute diffusion length decreased as
the solidification rate increased.

IV. DISCUSSION

A. Temperature Gradient G in the Melt Pool

During melting and solidification, the temperature
around the melt pool was measured using a two-color
pyrometer, and the temperature gradient G at position z
(interface between the melt pool and the solidified part)
at various solidification rates (V = 1, 3, 5, 10, and 15
mm/min) was obtained. Figure 21 shows the tempera-
ture gradient G at various solidification rates (V = 1, 3,
5, 10, and 15 mm/min) at z = 0 and 80 mm. At any
solidification rate, the temperature gradient G varied
significantly between z = 0 and 40 mm. On the other
hand, the temperature gradient G was relatively steady
between z = 40 and 80 mm. This is because the vapor
deposition layer on the glass tube around z = 0 mm was
thicker and unstable because the glass tube around z =
0 mm existed near the melt pool longer than in the other
parts. To avoid the effect of unstable vapor deposition,

Fig. 10—Directionally Solidified Ti6Al4V Microstructure With and Without TiC (between z = 30 and 40 mm). The micrographs shown in the
row with ‘‘After drawing G.B.’’ are the edited images created by drawing black lines on the prior b grain boundaries (GB) judged by OM
observation.

Fig. 11—Relationship between solidification rate V and the number
of prior b grains counted in the range from z = 0 to 80 mm.
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the average temperature gradient was calculated using
the value of G between z = 40 and 80 mm. The average
temperature gradient G (z = 40 to 80 mm) became
relatively lower as the solidification rates decreased, and
the average temperature gradient was approximately 5
K/mm when V = 5 mm/min, 8 K/mm when V = 10
mm/min, and 12 K/mm when V = 15 mm/min. Because
the samples both without and with TiC were heated at
the same power of 2.3 kW at any solidification rate, the
average temperature gradient was assumed to be the
same. At solidification rates of V = 5, 10, and 15 mm/
min, the temperature gradient was almost the same for
both without and with TiC. However, at solidification
rates of V = 1 and 3 mm/min, the difference in the
average temperature gradient (z = 40 to 80 mm)
between samples without and with TiC was relatively
large. During solidification, a vapor deposition layer
was formed uniformly in most cases; however, an
uneven vapor deposition layer was formed when the
solidification rate V = 3 mm/min with the addition of
TiC and V = 1 mm/min without TiC. Furthermore, it
was also observed that as the solidification rate
decreased, the degree of the temperature gradient
variation became larger between the positions of z =
0 and 80 mm because a thicker vapor deposition layer
was formed as the solidification rate decreased. It was
confirmed that the temperature gradient was not linear
at position z and had a disarrayed value around the
uneven deposition layer. Consequently, it is clear that
the vapor deposition layer is an error factor affecting the
temperature measurements of the melt pool and the
temperature gradient. A two-color pyrometer measures
the temperature by comparing the brightness of the
images at two wavelengths and determines the temper-
ature by taking the ratio of the two. If vapor deposition
is formed during the temperature measurement, the
brightness of the images decreases and the ratio of the
two wavelengths changes and becomes different from its
true value. Therefore, this indicates that the vapor
deposition layer results in errors in measuring the
temperature of the melt pool, and therefore, the vapor

deposition layer lowers the measured temperature and
disrupts the temperature gradient. However, in the
entire microstructure (z = 0 to 80 mm), the prior b
grains were uniformly distributed along the longitudinal
direction, although the temperature gradient between z
= 0 and 40 mm varied significantly. Thus, it is
considered that the temperature distribution variation
(due to the vapor deposition layer) had little influence in
this study.

B. Precipitates Ti2C and Carbon Amount Derived
from Melted TiC

From the EPMA mapping in Figure 15, oxygen was
detected over the whole sample; however, the samples
were not considered to be contaminated by oxygen
during the process because of the existence of oxygen in
both the matrix and the precipitates uniformly. Table VI
shows the molar fraction of the precipitates, except for
oxygen calculated from Table V. Almost all the precip-
itates consisted of Ti and C, and these elements existed
in a ratio of approximately 2:1 regardless of solidifica-
tion rates, and Ti-rich titanium carbide appeared as well
as the precipitates identified in previous research.[14]

Here, Ti-rich titanium carbide was defined as Ti2C
precipitates. The presence of Ti2C precipitates suggests
that TiC particles were partially melted into molten
Ti6Al4V and melted carbon from TiC and matrix Ti
precipitated as Ti2C regardless of the solidification rate.
Figure 22(a) shows the phase diagram of the binary TiC
system calculated by Thermo-Calc; if the carbon of the
TiC particles diffuses into the molten Ti6Al4V, the
melting point of TiC becomes lower, and thus, partial
melting of TiC is reasonable. The residual TiC particles
acted as heterogeneous nuclei in molten Ti6Al4V.
Figures 22(b) and (c) show the phase diagrams of the
pseudo-binary Ti6Al4V-C system, which were calcu-
lated using the Ti-alloy thermodynamic databases of
SSOL7 and TTTI3, respectively. The phase diagram of
the pseudo-binary Ti6Al4V-C system using SSOL7
could not explain the validity of the precipitates. On

Fig. 12—Cumulative number of grains versus equivalent diameter deq for (a) each solidification rate with and without TiC in the small region of
equivalent diameter deq (0~2.0 mm) and (b) in the entire region of equivalent diameter deq (0~30 mm).
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the other hand, the phase diagram calculated using
TTTI3 could explain the validity of the precipitates, and
Ti-rich titanium carbide formation is predicted with a
carbon amount of 0.270 mass pct from 2.0 vol pct added
TiC particles. Indeed, Ti-rich Ti2C appeared, as men-
tioned above.
Figure 23 shows the effects of the solidification rate

on the amount of carbon derived from melted TiC. The
melted carbon amount was calculated from the area
percentages of Ti2C, and the melting time was defined as
the time at which the solidification interface passed

Fig. 13—Aspect ratio versus equivalent diameter of the prior b grains. (a) V = 1 mm/min, (b) V = 3 mm/min, (c) V = 5 mm/min, (d) V = 10
mm/min, and (e) V = 15 mm/min.

Fig. 14—SEM image of precipitates observed in TiC-added samples
at a solidification rate of V = 1 mm/min.
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through the melt pool length l. Figure 23(a) shows the
relationship between the solidification rate and carbon
amount derived from melted TiC, and the carbon
amount is larger when the solidification rate is smaller.
Considering a total carbon amount of 0.270 mass pct
from 2.0 vol pct added TiC particles, most of the TiC
particles were melted in molten Ti6Al4V at any solid-
ification rate. Figure 23(b) shows the relationship
between the melting time and the carbon amount

derived from the melting of TiC. As the solidification
rate decreases, the melting time is longer, and the carbon
amount is also larger. This is because, as the melting
time increased, the time that TiC particles were held in
the molten Ti6Al4V was also longer at a lower solid-
ification rate, and it became easier to diffuse the carbon
of the TiC particles into the molten Ti6Al4V, partially
melting the TiC. Previous research demonstrated that
TiC particles partially melted in molten Ti6Al4V, and

Fig. 15—EPMA mapping and SEM images around the precipitates in TiC-added samples at a solidification rate of V = 1 mm/min.

Table V. Mass Fraction of Elements in Precipitates Obtained by EPMA Quantitative Analysis (mass% (mol%))

Solidification Rate V/mmÆmin�1 Ti Al V C O

1 85.6
(54.3)

1.89
(2.12)

2.25
(1.34)

10.1
(25.5)

8.82
(16.7)

3 82.4
(54.2)

0.647
(0.755)

0.325
(0.201)

10.8
(28.3)

8.42
(16.6)

5 83.3
(53.1)

0.924
(1.05)

0.564
(0.339)

10.6
(27.0)

9.70
(18.5)

10 83.7
(52.4)

0.684
(0.760)

0.632
(0.372)

10.5
(26.3)

10.7
(20.1)

15 83.0
(55.5)

1.37
(1.64)

0.829
(0.528)

10.5
(27.9)

7.38
(14.4)

In this analysis of EPMA, the surface of the sample was coated by Pt sputter for the purpose of electric conductivity. However, the Pt was not
considered into the qualitative analysis. Thus, the sum of each element in mass% is not equal to 100%.

Fig. 16—Micrographs Obtained by OM at Various Solidification Rates (V = 1, 3, 5, 10, 15 mm/min) at z = 60 mm. Dark gray parts are
precipitates.
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the residual TiC particles generated fine and equiaxed
grains from the heterogeneous nuclei during the direc-
tional solidification of Ti6Al4V.[14] From the above, it
can be concluded that at a higher solidification rate, the
amount of melted TiC particles is smaller, and the
amount of residual potent heterogeneous nuclei TiC
particles is larger.

C. Constitutional Undercooling DTC and Nucleated
Grains from Each Heterogeneous Nuclei Radius

From the solute profiles of aluminum and vanadium,
the liquidus temperature in front of the solidification
front was obtained using linearized binary phase dia-
grams of the Ti4V-Al and Ti6Al-V systems calculated by
Thermo-Calc. Calculating the constitutional undercool-
ing DTc from Figure 24(a), the maximum constitutional
undercooling DTc,Max is 0.439 K at V = 1 mm/min,
0.493 K at V = 3 mm/min, 0.626 K at V = 5 mm/min,
0.762 K at V = 10 mm/min, and 1.08 K at V = 15 mm/

min. DTc,Max increased as the solidification rate
increased.
Figure 24(b) shows the number of nucleated grains

from each radius of the heterogeneous nuclei. In
Figure 24(b), ‘‘generated’’ refers to the distributed seeds
which have the potential to nucleate, and ‘‘nucleated’’
refers to grains nucleated from those distributed seeds.
The generated seeds were automatically calculated from
the total seed density (in this simulation, 1 9 1010 m�3)
to adjust the 2D simulation domain. The number of
generated seed particles was 84 for all G and V
conditions. At V = 15 mm/min, all heterogeneous
nuclei with radii between r = 0.505 lm and r= 1.68 lm
were active. On the other hand, at V = 1 mm/min,
heterogeneous nuclei with radii between r = 1.25 lm
and r = 1.56 lm were active and the others were
inactive. Considering all other solidification rates, the
minimum active heterogeneous radius was 1.31 lm at V
= 1 mm/min, 0.94 lm at V= 3 mm/min, 0.629 lm at V
= 5 mm/min, and 0.505 lm at V = 10 and 15 mm/min.
Thus, as the solidification rate increased, a smaller
radius of heterogeneous nuclei nucleated. In general, the
critical nucleation undercooling for heterogeneous
nuclei increased as the radius of the heterogeneous
nuclei decreased according to the free growth model.[21]

Thus, as the solidification rate increased, the number of
heterogeneous nuclei that overcame the critical under-
cooling DTn increased owing to the increase in the
constitutional undercooling DTc. At the same time, for
active nuclei, the nucleation probability from each
radius of the heterogeneous nuclei was also higher as
the solidification rate increased.
As the solidification rate increased, the constitutional

undercooling DTc increased, a smaller radius of the
heterogeneous nuclei became active, and the effective
heterogeneous nuclei radius increased. In addition, the
probability of nucleation at each radius of the hetero-
geneous nuclei increased. This was consistent with the
experimental results of the floating zone melting exper-
iment (as the solidification rate increased, the increase in
grain number with the addition of TiC increased).

Fig. 17—Relationship between area fraction of the precipitates and
solidification rate obtained from the floating zone melting
experiments. Error bars show the area fraction variations of the
precipitates, and they were the average value of three points
(z = 20, 40, and 60 mm).

Fig. 18—Simulated Ti6Al4V microstructure for each G and V condition of the floating zone experiment. The color bar shows the crystal
orientation of the grains. (a) V = 1 mm/min, (b) V = 3 mm/min, (c) V = 5 mm/min, (d) V = 10 mm/min, and (e) V = 15 mm/min.

3620—VOLUME 52A, AUGUST 2021 METALLURGICAL AND MATERIALS TRANSACTIONS A



Fig. 19—Predicted segregation of aluminum (Al) and vanadium (V) during solidification obtained by phase field simulation.

Fig. 20—(a) Predicted segregation of aluminum and vanadium at the nucleation front (interface between the nucleated grain and liquid is
defined as the distance from the nucleated grain dng = 0), and solute profiles of (b) aluminum and (c) vanadium extracted from the nucleation
front obtained by phase field simulation.
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Fig. 21—Temperature gradient G at various solidification rates (V = 1, 3, 5, 10, and 15 mm/min) between the positions of z = 0 and 80 mm.
The black and red lines in the figure show the average temperature gradient G between z = 40 and 80 mm without and with TiC respectively.
(a) V = 1 mm/min, (b) V = 3 mm/min, (c) V = 5 mm/min, (d) V = 10 mm/min, and (e) V = 15 mm/min.
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D. Effect of Temperature Gradient G and Cooling Rate
R by Phase Field Simulation

In general, it is well known that not only the
solidification rate V but also the temperature gradient
G and cooling rate R also affect the solidification
microstructure.[23,24] Figure 25(a) shows the simulated
microstructure at various temperature gradients G (G =
12, 24, 30, and 36 K/mm) at the same cooling rate R (3

K/s), and the number of nucleated grains became
smaller as the temperature gradient increased.
Figure 25(b) shows the constitutional undercooling
DTC at the nucleation front. Constitutional undercool-
ing became smaller as the temperature gradient
increased; in particular, at G= 36 K/mm, constitutional
undercooling did not appear. Figure 25(c) shows the
nucleated grains and heterogeneous nuclei radius. As the
temperature gradient increased, the number of nucleated
grains became smaller, and the smaller radius of
heterogeneous nuclei became more difficult to nucleate.
In addition, nucleation did not occur when G = 36 K/
mm, at which the constitutional undercooling DTC did
not appear. From these results, it is considered that as
the temperature gradient increases under the same
cooling rate, constitutional undercooling becomes smal-
ler. Thus, the smaller radius of the heterogeneous nuclei
became more difficult to nucleate and the nucleation
probability became smaller.
The effect of a higher cooling rate, R, was also

investigated. Here, the cooling rate R was set to be 3, 10,

Table VI. Atomic Fraction of Elements in Precipitate Except

for Oxygen Obtained With EPMA (mol%)

Solidification Rate V/mmÆmin�1 Ti Al V C

1 65.2 2.56 1.61 30.6
3 64.9 0.904 0.241 33.9
5 65.2 1.28 0.415 33.1
10 65.6 0.951 0.466 33.0
15 65.2 1.36 0.402 33.0

Fig. 22—Predicted phase diagrams of (a) the binary TiC system (SSOL7 was used as the Ti-alloys database), (b) pseudo-binary Ti6Al4V-C
system (SSOL7 was used as the Ti-alloys database), and (c) pseudo-binary Ti6Al4V-C system (TTTI3 was used as the Ti-alloys database).

Fig. 23—Effects of solidification rate on the carbon amount melted from TiC. (a) Relationship between solidification rate and carbon amount
melted from TiC, and (b) relationship between melting time and carbon amount derived melted from TiC.
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Fig. 24—Effect of solidification rate on G, V conditions of the floating zone experiment obtained by phase field simulation. (a) Constitutional
undercooling at nucleation front; the solid line shows the equilibrium temperature Te, and the dotted line shows the actual temperature Ta. (b)
The number of nucleated grains for each heterogeneous nucleus radius.

Fig. 25—Effect of temperature gradient G at the same cooling rate R obtained by phase field simulation. (a) Simulated microstructure, where
R3G12 refers to a cooling rate of R = 3 K/s and temperature gradient of G = 12 K/mm (the same pattern is used for the others); (b)
constitutional undercooling DTc at the nucleation front, where the solid line shows the equilibrium temperature Te and the dotted line shows the
actual temperature Ta; (c) nucleated grains and heterogeneous nuclei radius.
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50, 100, 500, and 1000 K/s, and the temperature
gradient G was constant (10 K/mm). Figure 26(a) shows
the simulated microstructure, and the number of nucle-
ated grains is 70 when R = 3 K/s, 84 when R = 50 K/s,
and 84 when R = 1000 K/s. Figure 26(b) shows the
constitutional undercooling at the nucleation front, and
the degree of constitutional undercooling increased as
the cooling rate increased up to 50 K/s; however, the
degree of constitutional undercooling was smaller at R
= 1000 K/s than at 50 K/s. In addition, as the cooling
rate increased, the solute diffusion length decreased and
the concentration gradient in the liquid ahead of the
solidification front increased. It is expected that the
solidification tip velocity is much higher than the
velocity of solute diffusion. Figure 26(c) shows the
relationship between the cooling rate R and the maxi-
mum degree of constitutional undercooling DTc,Max. In
the region of low cooling rate (~ 50 K/s), DTc,Max

increased as the cooling rate increased. However, in the
region of higher cooling rate, DTc,Max has a peak value,
after which DTc decreases as the cooling rate increases.
As shown in Figure 26(a), comparing the microstruc-
tures of R = 50 K/s and R = 1000 K/s, the grain

number of R = 1000 K/s and R = 50 K/s is the same
even though the constitutional undercooling DTc,Max of
R = 1000 K/s is lower than that of R = 50 K/s. Thus, it
is suggested that constitutional undercooling DTc has
less contribution at higher cooling rates. In general,
nucleation occurs more frequently as the cooling rate
increases. However, in the simulation, the number of
distributed heterogeneous nuclei in the simulation
domain was set to 84 from the input seed density model,
and the maximum number of nucleation events was
limited. Therefore, a further increase in nucleation did
not occur when the cooling rate R was larger than
approximately 50 K/s.
Thus, at low cooling rates, the constitutional under-

cooling DTc mainly promotes nucleation. On the other
hand, for high cooling rates, constitutional undercooling
contributes less to grain refinement, and thermal under-
cooling DTt generated by the cooling rate promotes
nucleation. Because the cooling rate of the floating zone
experiment was R = ~ 3 K/s, it is considered that
constitutional undercooling DTc activated the heteroge-
neous TiC nuclei and promoted nucleation.

Fig. 26—Effect of cooling rate R under the same temperature gradient G obtained by phase field simulation. (a) Simulated microstructure, where
R50G10 refers to a cooling rate R = 50 K/s and temperature gradient of G = 10 K/mm (the same pattern is used for the others), and G.N.
refers to the number of nucleated grains in the simulation domain; (b) constitutional undercooling at the nucleation front, where the solid line
shows the equilibrium temperature Te and the dotted line shows the actual temperature Ta; (c) relationship between DTc,Max and cooling rate R.
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E. Solidification map

Figure 27(a) shows the solidification map in the
region of the floating zone experiment (R < 3 K/s).
The black dotted line in the figure shows the criteria of
heterogeneous nucleation from TiC by phase field
simulation, and nucleation from TiC is predicted in
the area above the line. On the other hand, no
nucleation from TiC is predicted in the area below the
line. As shown in the figure, the nucleation criteria and
experimental results were almost in agreement except for
V = 1 mm/min in the region of the floating zone
experiment. Figure 27(b) shows the map in the region
where there was a higher cooling rate R than in the FZ
experiment (R = 3 to 1000 K/s). In general, the cooling
rate of casting is approximately 3 to 100 K/s,[25] welding
is approximately 100 to 700 K/s,[26,27] electron beam
melting (EBM) is approximately 1000 to 2 9 105

K/s,[28,29] and laser powder bed fusion (LPBF) is
approximately 1 9 106 K/s.[30,31] In the figure, the lower
left, middle, and upper right areas are roughly equiva-
lent to casting, welding, and EBM, respectively. When
the map shows a much broader range, LPBF is
equivalent to the upper right region. In this map,
EBM region includes LPBF.

By using this solidification map, the conditions under
which the heterogeneous TiC nuclei are activated in the
Ti6Al4V alloy can be predicted. In other words, grain
refinement of Ti6Al4V by heterogeneous TiC nuclei can
be achieved by setting the conditions of temperature
gradient G and solidification rate V in the area above the
nucleation criteria. Furthermore, this solidification map
can be applied to other processes, such as directional
solidification, casting, and welding. Eventually, it can
also be applied to EBM including LPBF and conse-
quently, grain refinement can be achieved more effec-
tively in the Ti6Al4V-TiC system.

In particular, at V = 1 mm/min in Figure 27(a), the
simulation output shows that heterogeneous nuclei TiC
nucleated; however, the FZ experiment results show that
TiC particles did not work as heterogeneous nuclei at V
= 1 mm/min, suggesting no nucleation from TiC

because the prior b GB did not appear above z = 40
mm, and there were no significant differences above z =
40 mm between with and without TiC. In the floating
zone experiment, the TiC 2.0 vol pct (TiC 0.340 g)
sample contained 6.4 9 1012 particles and the number of
nucleated grains was on the order of 150. The proba-
bility of nucleation in the FZ experiment was very low.
In contrast, many grains nucleated in the phase field
simulation, and the probability of nucleation was very
high in this simulation. There are three possible expla-
nations for this contradiction. First, in the phase field
simulation, latent heat from grains was not considered,
and whether or not TiC particles nucleated depended on
thermodynamic judgment. In actuality, the latent heat
released by previously growing grains will cause an
accelerated consumption of nucleation undercooling in
the remaining melt, rendering the relatively smaller
particles inefficient for nucleation, and then the percent-
age of effective particles will decrease.[10] Second, in the
phase field simulation, to model heterogeneous nucle-
ation from TiC particles, a free growth model was used.
The value for the critical undercooling DTn from TiC
was calculated from the particle size according to the
hemispherical cap model. In this model, complete
wetting between the heterogeneous nuclei TiC and b
grains (contact angle h = 0 �) was assumed, and it was
very easy to nucleate. However, in actual situations, the
heterogeneous nuclei TiC and b grains are not com-
pletely wet (contact angle 0<h<90 �) and are harder to
nucleate than when complete wetting is present. There-
fore, the nucleation probability is much higher in the
simulation than in the FZ experiment. At last, TiC
particles were melted during directional solidification of
the FZ experiment, and as the solidification rate
increased, the amount of melted TiC was smaller and
the amount of residual TiC particles was larger under
the experimental conditions. However, in the phase field
simulation, the melting of TiC particles was not taken
into account, and the amount of heterogeneous nuclei
was at the same level regardless of the solidification
rates. By considering these three assumptions, a more

Fig. 27—Solidification map. (a) G, V region of the floating zone experiment (R< 3 K/s); (b) in the region where the cooling R rate was higher
than in the FZ experiment (R< 1000 K/s).
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precise simulation could be conducted and the criteria of
heterogeneous nucleation from TiC by phase field
simulation could be included, which could reproduce
the experimental results at V = 1 mm/min.

V. CONCLUSION

In this study, the effects of solidification conditions on
the grain refinement capacity of TiC in directionally
solidified Ti6Al4V alloy were investigated. In addition,
the temperature gradient G and solidification rate V
conditions under which TiC is activated and grain
refinement can be achieved in the Ti6Al4V-TiC system
were investigated. The following results were obtained
from experimental and numerical approaches.

In the G and V regions of the floating zone melting
experiment (R<3 K/s), a relatively small size of prior b
grains appeared in the directionally solidified Ti6Al4V
alloy by TiC addition at V>1 mm/min. In addition, the
increase in grain number with the addition of TiC
increased as the solidification rate increased. This is
because, as the solidification rate increases, the amount
of melted TiC decreases (the fraction of Ti2C precipi-
tates is smaller) and the amount of residual potent
heterogeneous nuclei TiC increases. Second, based on
the phase field simulation, increasing the constitutional
undercooling DTc leads to the activation of a smaller
radius of heterogeneous nuclei and a higher nucleation
probability from each radius.

In the region where the cooling rate R is higher than
in the floating zone melting experiment (R = 3 to 1000
K/s), the maximum degree of constitutional undercool-
ing DTc,Max has a peak value when the temperature
gradient G is constant. This suggests that constitutional
undercooling DTc has less contribution at higher cooling
rates, such as those that occur in EBM and LPBF, which
is typical in additive manufacturing.
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