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Abstract: The present investigation mainly focuses on effects of centrifugal forces and casting modulus on structures and
mechanical properties of Ti-6Al-4V alloy formed under different vertical centrifugal casting conditions in graphite molds. Mold
rotating rates of 0, 110 and 210 r/min were adopted in the experiment. Results show that grain size and lamellar thickness decrease
with the decreasing of casting modulus or the increasing of centrifugal force, while tensile strengths are considerably enhanced, but
the elongation of the casting shows the opposite changing trend. The quantitative relationships among gravity coefficient, casting
modulus and structures or mechanical properties of Ti-6Al-4V alloy have been obtained. As the comparison of Ti-6Al-4V alloy cast
in graphite mold under gravity field, the structures of stepped casting in metal mold were also investigated. It is found that the grain
size or lamellar thickness in the two molds shows the same changing trend with the cooling rate, and the quantitative relationships

between structures and cooling rates have been obtained.
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Titanium possesses low density and high strength which
make it very attractive in applications for aerospace, military,
biomedicine fields and so on™™. Thereinto, Ti-6Al-4V accounts
for 50% of the use of titanium in the world today™, and it has
been widely applied to the above-mentioned fields where
special structural components are urgently demanded.
However, as the superheat of the alloy melt is generally not
very high, it is difficult to fill the mold completely for the
castings with complex shapes by conventional methods in
gravity field. Therefore, centrifugal casting process is adopted
for most titanium alloys to improve their mold-filling
capability. For the practical application, it is strict in
requirements for microstructure and mechanical property.
However, most studies have been done on the solidified
structures and the properties of Ti-6Al-4V alloy mainly focus
on the conventional gravity field ®® and little research has
been done on centrifugal field. Microstructures and hardnesses
of Ti-6Al-4V centrifugal castings have been investigated in
Ref. [7], but it only emphasized the effects of casting modulus
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on the structures, not including the coaction of the centrifugal
force causing the particularity of the microstructure and
mechanical property for its gradient distribution. Hence, for
practical application of Ti-6Al-4V alloy with thin wall and
complex shapes, it is significant to deeply study the influence
of both casting modulus and the centrifugal forces on its
microstructures and mechanical properties, which are the main
aim of the present investigation.

As Ti-6Al-4V alloy that we refer to in this paper, both the
nucleation and growth of its grain and lamellar structure
together determine the grain size and lamellar thickness.
Cooling rate of the casting is the main factor affecting its
macro and micro structures while the materials and pouring
conditions are definite (including alloy composite, pouring
temperature and pouring velocity)®.

In the present investigation, the influence of cooling rate on
Ti-6Al-4V alloy structures cast under gravity force has been
investigated. Moreover, the effects of centrifugal force and
casting modulus on the structures and the mechanical
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properties in centrifugal casting process have been proposed.
1 Experiment

Experiments were done in a vacuum cold-crucible furnace
with a horizontal rotating casting platform. The titanium alloy
was remelted in copper crucible in evacuated chamber with
the vacuum degree of 0.1 Pa and the melting power of 350 kW.
The melt was poured into the metal and graphite molds,
separately. Fig.1a shows the casting system with metal mold
and the dimensions of stepped casting including three columns
with different diameters and the riser. The centrifugal casting
system with four stepped and four wedge-shaped castings
alternately distributed in a high- strength graphite mold was
designed as shown in Fig.1lb, and the axis of the jar-shaped
sprue was taken as the rotating axis. In Fig.1b, the maximum
rotation radius measured by the farthest end of the horizontal
runner from the turning axis, was about 500 mm. The two
secondary horizontal runners with the length of about 440 mm,
were 170 mm apart. The sizes of the four stepped castings
were 95 mm long, 56 mm wide, and 20 mm and 40 mm,
respectively in thickness. The other four wedge castings had
the same length and width as the stepped castings but with a
maximum thickness of 20 mm. In order to investigate the
influence of cooling rate/modulus and centrifugal force on
Ti-6Al-4V alloy, the casting experiments were proceeded in a
metal mold under gravity field and in graphite mold with three
runs of centrifugal casting operations at rotating rates of n=0,
110 and 210 r/min. Generally, the gravity coefficient G was
adopted to represent the centrifugal force, which is expressed
as follows:

G=w’rlg (1)
Where « is the rotating angular velocity of the mold
(w=nn/30), r is the rotating radius, g is the gravity acceleration,
and n is rotating rate. Therefore, G values will be obtained
from 0 to 23.50 for the present experiment with the castings
distributed as Fig.1b. According to the definition of casting
modulus which was obtained by the ratio of cross-sectional
area to circumference, the range of modulus for the different
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Tensile specimens

specimens in the present investigation were 0.86 to 11.67.

Thermocouples were placed at the centers of different parts of
the stepped casting, marked as M1 to M4, to measure the alloy
cooling curves in the metal mold, as shown in Fig.1la. For the
graphite mold casting trails while n=0 r/min, thermocouples
were placed at different parts of cast parts, marked as G1 to G5,
to obtain the cooling rates, as shown in Fig.1b. The mold rotated
during the centrifugal casting process, and it was hard to
measure the changing of cast parts cooling rate. Therefore, the
effect of casting modulus on microstructures and mechanical
properties was adopted to substitute the influence of cooling rate.

The observed specimens with the size of 8 mm X8 mm X8
mm were taken near the thermocouples to research the
influence of cooling rates on the alloy structures in both the
metal and graphite molds. For the centrifugal castings in the
graphite mold, 1.2 mm-thick tensile specimens were spark-cut
layer-by-layer in the thickness directions of a casting for both
microstructure examinations and mechanical property tests at
the locations as “#”-marked in Fig.lb. 11 and 28 tensile
specimens could be taken from the thin wall and the thick wall
of one stepped casting, respectively, and in total, 22 tensile
specimens could be obtained from one wedge casting.

Optical microscope was used to analyze the alloy grain
structures, and scanning electron microscopy was used to
analyze the lamellar structures. On the basis of the mean grain
size and transversal methods, the grain size and o/f lamellar
thickness were measured. The shape and dimension of tensile
specimens are shown in Fig.2, and the tensile experiment was
proceeded with a material testing machine.

Temperature-time (T-t) curves of the titanium alloy during
cooling process were measured by Eight-channel Data
Acquisition Instrument.

2 Results

2.1 Effect of cooling rate on microstructure of Ti-6Al-4V
alloy cast under gravity field

T-t curves of the Ti-6Al-4V alloy cast under the gravitational

force field in two different molds are shown in Fig.3. For the
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Fig.1 Schematic of gravity and centrifugal casting system: (a) metal mold under gravity force and (b) graphite mold under centrifugal force
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Fig.2 Shape and dimension of a tensile specimen
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Fig.3 T-t curves of Ti-6Al-4V alloy cast under gravitational field in
two different molds: (a) metal mold and (b) graphite mold

stepped casting in the metal mold, the column with the
diameter of 20 mm has the fastest cooling rate and the part of
@96 mm is the lowest, as shown in Fig.3a.

In Fig.3b, the cooling curve of G5 was taken as an example
to analyze the solid and phase-transition characteristics of
Ti-6Al-4V alloy, and the magnified part is shown in the top of

Fig.3b. Obviously, in the present investigation, the liquidus
temperature is 1664 <C, and solidus temperature is 1565 <C. It
again shows that Ti-6Al-4V alloy has a narrow solidification
range (approximate 100 <C). The phase-transition beginning
temperature is 910 <C, and the ending temperature is 820 <C
Therefore, the f— « transformation range is about 90 <C.

The average cooling rate of the solidification &, is expressed
as follows:

e=ATIAL (2)
Where, At=tt, t; is solidification beginning time, and t,'is
the ending time; AT=TT, T; and T, are the casting
temperatures correspond to t; and t;'. The average cooling rate
of phase-transition & can be obtained with the same method.

The typical microstructures of specimens near the
thermocouples are shown in Fig.4, and the grain size (dg) was
measured by mean grain sizes, and the lamellar thickness of
alp (d,z) was measured by the transversal method. The
cooling rate and its corresponding grain size/lamellar
thickness of the specimens obtained from the data analysis are
presented in Fig.5. It is noted that the grain sizes or lamellar
thicknesses in the two different molds show the same
changing trend with the cooling rate. Therefore, the
experiment data in two molds are used together to analyze the
relationship between microstructures and cooling rates in the
present study.

By curve fitting (as shown in Fig.5), the relationship between
cooling rate & and grain size dg can be expressed as follows:

dg=2.31"%* (3)
And, the relationship between cooling rate ¢ and lamellar
thickness d,; can be expressed as follows:

dy=1.52 &% (4)

From Eq.(3) and (4), it can be seen that with the cooling
rate increasing, both grain size and lamellar thickness of a/f
decrease. When Ti-6Al-4V alloy cast under gravity force,
cooling rate is the main factor affecting its microstructures, and
the relationships between microstructure and cooling rate for the
two molds show the same changing trend.
2.2 Microstructures of Ti-6Al-4V alloy cast under centri-

fugal forces in the graphite mold

The microstructural observation and analysis results show

that when the gravity coefficient is definite, both grain size

Fig.4 Typical microstructures of Ti-6Al-4V specimens: (a, ¢) grain/lamellar structures at M3 and (b, d) grain/lamellar structures at G2
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Fig.5 Relationship between microstructures and cooling rates of
Ti-6Al-4V alloy cast under gravitational field: (a) grain
size-cooling rate and (b) lamellar thickness - o/f-cooling rate

and lamellar thickness increase with the increasing of cast
modulus; however, the effect of centrifugal force shows a

difference. Fig.6 and Fig.7 show the typical optical micrographs
and SEM images of grains and lamellar microstructures of
Ti-6Al-4V alloy centrifugal castings at different centrifugal
forces and a definite casting modulus of 11.67 mm. It can be
seen from the two figures that grain size decreases with the
increasing of the centrifugal force, and lamellar thickness shows
the same changing trend with grain size.

The effects of casting modulus and centrifugal force on grain
size and lamellar thickness are schematically shown in Fig.8.
Both the experiment data and its fitting curved faces are shown
in the figures. By polynomial fitting, following results have been
obtained for the Ti-6Al-4V alloy centrifugal castings in graphite
mold, and the relationship among grain size dg, cast modulus M
and gravity coefficient G can be expressed as follows:

ds=1.090+0.052M-0.026G (5)

And, the relationship among lamellar thickness d,; M and
G can be expressed as:

d.;=0.739+0.034M-0.007G (6)
2.3 Mechanical properties of Ti-6Al-4V alloy cast under

centrifugal forces in the graphite mold

The mechanical properties measured and analyzed in the
present paper include tensile strength, yield strength and
elongation of Ti-6Al-4V alloy centrifugal castings. Results
show that, both the tensile and yield strength decrease with the
increasing of cast modulus, and increase with the increasing of
centrifugal force; however, elongation decreases gradually
with the increasing of centrifugal force at which situation the
structure is refined, and for the above results the opposite

Fig.6  Grain microstructures of Ti-6Al-4V castings at different centrifugal forces and a definite casting modulus
of 11.67 mm: (a) G=0, (b) G=4.08, (c) G=5.59, and (d) G=20.36

Fig.7 Lamellar microstructures of Ti-6Al-4V alloy castings at different centrifugal forces and a definite casting modulus
of 11.67 mm: (a) G=0, (b) G=4.08, (c) G=5.59, and (d) G=20.36
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Fig.8 Effects of centrifugal force and cast modulus on microstru-
ctures of Ti-6Al-4V alloy: (a) grain size and (b) lamellar
thickness

changing trend was shown in previous studies'®. Typical
scanning electron images of the fracture surfaces for
Ti-6Al-4V alloy at different centrifugal forces and a definite
casting modulus of 11.67 mm are shown in Fig.9. It is seen
obviously, as the modulus is definite, the dimple structure is
refined when the gravity coefficient increases.

The effects of cast modulus and centrifugal force on
strength and elongation are schematically shown in Fig.10.
Both the experiment data and its fitting curved faces are
shown in the figures. By polynomial fitting, the following
results have been obtained for Ti-6Al-4V alloy centrifugal
castings in the graphite mold, and the relationship among
tensile strength ay, cast modulus M and gravity coefficient G
can be expressed as follows:

0,=942.004-3.269M+0.946G @)

And, the relationship among yield strength o, M and G can be
expressed as:

0~792.576-4.536M+2.598G (8)
And, the relationship among elongation 6, M and G can be
expressed as follows:

0=4.989+0.142M-0.054G 9)

3 Discussion

The results obtained in the present study show that for the
centrifugal casting of Ti-6Al-4V alloy, the microstructures,
including grain size and a/f lamellar thickness can be refined
with the decreasing of cast modulus or increasing of
centrifugal force. Compared with the two influencing factors,
it can be seen that the effect of centrifugal force is not so
important as the casting modulus. Mechanical properties,
including tensile strength and yield strength are considerably
enhanced with the decreasing of modulus or increasing of
gravity coefficient; however, elongation presents the opposite
changing trend.

The above results can be explained as follows. Smaller
casting modulus leads to greater cooling rate of the alloy and
shorter growing time for every grain, which will inhibit the
growing up of the grain ™!, Centrifugal force increases with
the increase of rotation speed or the radius, and this causes the
contact area between the melt and the mold to increase.
Consequently, the heat transfer and cooling rate of the melt are
enhanced. Moreover, centrifugal force may affect the
nucleation rate and crystal growth of the alloy. On one hand,
nucleation rate increases while the pressure increases within a
certain range™, and the centrifugal pressure of the rotating
melt increases with the increasing of gravity coefficient %,
which leads to the increase of nucleation rate with the increase
of centrifugal force. On the other hand, greater centrifugal
pressure will lead to a smaller crystal growing rate because of
its inhibition action on the atomic diffusion™.

The phase transformation from S phase to a phase belongs
to solid-state phase change and the new phase is formed by
nucleating and growing ™. Hence, modulus and centrifugal
force have the same effects on phase transformation as they
are on crystal growing. Therefore, within a certain range, grain

Fig.9 Scanning electron images of fracture surfaces for Ti-6Al-4V alloy at different centrifugal forces and a definite modulus
of 11.67 mm: (a) G=0, (b) G=4.08, (c) G=5.59, and (d) G=20.36
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Fig.10 Effects of cast modulus and centrifugal force on mechanical properties of Ti-6Al-4V casting: () tensile strength,

(b) yield strength, and (c) elongation

size and lamellar thickness are refined with the modulus
decreasing or the centrifugal force increasing.

It is proverbial that mechanical properties would be
improved while the microstructures are refined for most of the
alloys. However, the castings formed under centrifugal forces
would contain many inclusions because of the fluid washing
out of the sprue or the wall of graphite mold. In one hand,
inclusions have little effect on tensile strength or vyield
strength, but a significant influence on properties which are
plasticity-related such as elongation ™. In the other hand, the
inclusions in fluid such as oxygen and carbon will cause
solution strengthening, and this leads to the increase of casting
strength and decrease of elongation. Therefore, the inclusions
in casting increase with the increase of centrifugal forces, and
the elongation decrease, even though microstructures would
be refined under large centrifugal force.

4 Conclusions

1) Under gravity field, the grain size or the lamellar
thickness in both metal and graphite molds show the same
changing trend with the cooling rate, and the relationships
between microstructures and cooling rates can be obtained.

2) Microstructures, including grain size and lamellar
thickness decrease with the decreasing of modulus or
increasing of centrifugal force.

3) Mechanical properties, including tensile strength and
yield strength are considerably enhanced with the decreasing
of modulus or increasing of centrifugal force, but the
elongation shows the opposite changing trend.

References
1 Liu Huiqun, Yi Danging, Wang Weiqi et al. Tran Nonferrous
Met Soc China[J], 2007, 17: 1212
2 Mats Bennett, Raghavan Srinivasan, Sesh Tamirisa. The
Minerals, Metals & Materials Society[J], 2007,136: 169
3 Semiatin S L, Bieler T R. Metallurgical and Materials
Transactions A[J], 2001, 32A: 1871
4 Cheng W W, Chern Lin J H, Ju C P. Materials Letters[J], 2003,
57: 2591
5 Luan J H, Jiao Z B, Chen G et al. Journal of Alloys and
Compounds[J], 2014, 602: 235
6 Balasubramaniana M, Ramanathanb K, Senthil Kumarc V S.
Procedia Engineering[J], 2013, 64: 1209
7 Sui Yanwei. Thesis for Doctorate[D]. Harbin: Harbin Institute of
Technology, 2009 (in Chinese)
8 Eskin D, Du Q, Ruvalcaba D et al. Materials Science and
Engineering A[J], 2005, 405: 1
9 Flemings M C, Kattamis T Z, Bardes B P. AFS Transactions[J],
1991, 95: 501
10 Jia Limin, Xu Daming, Guo Jingjie et al. Trans Nonferrous Met
Soc China[J], 2010, 4(20): 667
11 Qi Pixiang. Acta Metallurgical Sinica[J], 1984, 20(6): 359 (in
Chinese)
12 Lin Bonian. Special Casting[M]. Hangzhou: Zhejiang University
Press, 2004: 223 (in Chinese)
13 Zhou Yaohe, Hu Zhuanglin, Jie Wangi. Solidification Tech-

nology[M]. Beijing: China Machine Press, 1998: 474 (in
Chinese)

586


http://www.sciencedirect.com/science/article/pii/S1877705813017141
http://www.sciencedirect.com/science/article/pii/S1877705813017141
http://www.sciencedirect.com/science/article/pii/S1877705813017141
http://www.sciencedirect.com/science/article/pii/S1877705813017141
http://www.sciencedirect.com/science/article/pii/S1877705813017141
http://www.sciencedirect.com/science/article/pii/S1877705813017141
http://www.sciencedirect.com/science/journal/18777058

Jia Limin et al. / Rare Metal Materials and Engineering, 2016, 45(3): 0581-0587

14 Ahmed T, Rack H J. Materials Science and Engineering A[J], 15 Hou Qifei, Yang Juan, Wang Liuli et al. Foundry Technology[J],
1998, 243: 206 2010, 3: 302

BN REHRERT Ti-6Al-4V §& AL S HF RN

TR, e, fRIANg 2, BRI 2
(L. VbR R, Wb A% E 050018)
(2. ME/RIETMR:, BRI Mi/RIEE 150001)

O A SRR SLE O 5 T RO T RO Ti-6A1-4V &G AU MR RN . SEI6 i e b B Y A e e g B
HIE T 3AHENL: 0,110 J2 210 r/min. S5 . SRLRT KR V2 52 B A S A/ IN A 0o A I T /0 - 040, 568 58 o A
PN L ST Y G, (R PR S A R AR R AR a S . I 4R T B R B SRS Ti-6AI-4V e R 2k RE
ZIEPERRR. ERSE T AERS Ti-6AI-4V GEHEX LA, TR TSRS Ti-6Al-4V &GRS L AR .
WK 2 FheE T h Bedb & S0 B RT 2 BB AR AR (B A —5, 458 2 Asiddh, s TEIST
Ti-6Al-4V & & HRREA HIE E A R R R

KB 2071 WIS A4 JiaEtERE: Ti-6AAV A4

B

fEE A ARG 2, 1981 4, #d, JHW, WALRHBOREMERL A S TR AR, WAL MORHE & B BOR E A SLIe %, Wt

% F 050018, Hiifi: 0311-81668694, E-mail: jialimin1025@sina.com

\7

587



