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Abstract: The microstructures of as-fabricated and post heat treated Ti-47AI-2Nb-2Cr (at%) alloy produced by selective electron
beam melting (SEBM) were examined. The solidification path and the phase transformation of Ti-47Al-2Nb-2Cr alloy during SEBM
process were analyzed. Results show that the microstructure is fully lamellar (FL), consisting of fine y-TiAl and a,-TisAl, which is
formed in the as-fabricated TiAl specimen. Due to the rapid cooling and the cyclic heat treatment during the SEBM process, the
lamellar colonies and the lamellae width become coarser and wider, respectively from the top to the bottom of the specimen,
solidification takes place solely through the S phase, and the phase transformation pathisL > L+ —>f > f+a—a — a + .
Different post heat treatments were carried out to get a homogeneous microstructure. Results indicate that a fine and homogeneous
microstructure can be achieved after oil quenching from 1250 <C and holding at 1200 <C for 2 h.
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TiAl based alloys with low density, high specific modulus
and acceptable oxidation resistance are potential structural
materials in automotive and aerospace industries™. However
these alloys are difficult to be processed by conventional
manufacturing routes such as rolling, forging and welding for
their brittleness. The main methods proposed to produce TiAl
based alloys are casting and powder metallurgy. But it is
difficult to transform the coarse as-cast microstructure to a fine
structure which has a remarkable effect on the strength and
ductility. As for powder metallurgy such as HIP, the cost is too
high and the mould design is difficult for complex parts™.

Selective electron beam melting (SEBM) is a layer-by-layer
additive manufacturing technology (or called 3D printing) for
metal materials'®. The electron beam is focused and deflected
by electromagnetic coils to selectively melt the metal powder
following a 3D model. It can be used for the direct building of
complex, functional parts designed in a 3D softwarel™.
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Recently, SEBM has been studied as a feasible way to
fabricate titanium specific orthopedic implants such as
femoral stems and spinal. And some research were also
conducted in the fabrication of structural parts in aerospace
and automotive industries such as TiAl alloy parts®™. But
seldom study has been done on the microstructure and the
phase transformation of the progress. In the present study,
Ti-47AI-2Nb-2Cr (at%) alloy was fabricated by the SEBM
process. The microstructures of the as-deposited and post
heat-treated specimens were investigated.

1 Experiment

Ti-47Al-2Nb-2Cr (at%) powder (<150 pm, spherical powder
prepared by plasma rotation electrode) was used as starting
material in the present investigation. Typical powder
morphology is shown in Fig.1.

All fabrication experiments were conducted on a self-made
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Fig.1 SEM image of Ti-47Al-2Nb-2Cr powder

SEBM machine. A 40 mmX40 mmX40 mm model was
established by CAD and then sliced into 200 layers. The
model was used to direct the layer-melt scan in the SEBM.
When the fabrication process started, a 270 mm X270 mmX 15
mm square stainless steel plate was first heated to a temperature
of 1000 <C by the electron beam, and then the Ti-47AI-2Nb-2Cr
(at%) powder flowed from the tanks at the two sides onto it.
Then a 200 pm thick layer of powder was spread over the plate
by a rake. The powder was preheated by scanning it with the
electron beam at velocity of 6000 mm/s and a beam current
ranging from 15 to 25 mA. Then the powder layer was melted
by scanning the beam at 6000 mm/s and a beam current of 30
mA. Upon completion of the first layer, scan melting, the
bottom of the stainless steel plate was lowered by 200 um, the
next layer of powder was spread, and the process was repeated
until the fabrication of the specimen was completed.

A series of post heat treatments (as shown in Table 1) for
the SEBM alloy were conducted to get a fine and homogenous
microstructure.

The as-fabricated and post heat treated specimens were cut
parallel to the layer building direction to get the samples
which were used for characterizations by optical metallo-
graphy (OM), scanning electron microscopy (SEM), BSE-
SEM and transmission electron microscopy (TEM). The OM
sample was etched with a solution consisting of 100 mL H,0,
2.5 mL HF, and 5 mL HNO;. The TEM sample were electro-
polished using a Struers Tenupol-5 dual-jet unit using a
solution consisting of 0.9 L methanol to which 50 mL H,SO,
was added. The electropolishing solution was cooled to 10 T
and the electropolishing voltage varied between 15 and 25 V
at 5 A. Phase compositions were identified by X-ray diffracto-
meter operating at 40 kV and 30 mA with Cu Ka radiation.

2 Results and Discussion

2.1 Microstructure of the as-fabricated Ti-47Al-2Nb-2Cr
alloy

A 40 mmX40 mmX40mm Ti-47AI-2Nb-2Cr (at%) alloy

specimen was fabricated by the SEBM process. Fig.2 shows

OM and bright-field TEM images of the top (Fig.2a, 2b) and

bottom (Fig.2c, 2d) microstructures of the SEBM-fabricated

Ti-47Al-2Nb-2Cr alloy specimen. It is clear to see that the

Tablel Post heat treatment of SEBM Ti-47Al -2Nb-2Cr alloy

Sample No. Heat treatment
1 1250 <C, 2 h air cooling
2 1300 <€, 10 min air cooling
3 1250 <C, 10 min oil quenching—

1200 <C, 2 h air cooling

Fig.2 OM (a, c¢) and TEM (b, d) section images in the top (a, b) and
bottom (c, d) of SEBM-fabricated specimen

microstructure of the specimen consists of extremely fine
lamellar colonies in comparison to that of the conventional
as-cast TiAl alloy. But the microstructures between the top and
bottom parts are a little different. The microstructure of the top
region is mainly composed of fine lamellar with a colony size
about 50 um and lamellae size about 0.2 um, which is finer than
that of the bottom region with a colony size about 100 pm and
lamellae size about 0.4 pm. This is because during the
fabrication, the melted layer has a temperature higher than
2000 <C, due to the thermal conducting, the bottom of the
specimen may experience a cyclic heat treatment at high
temperature, resulting in forming coarser lamellar colonies and
lamellae.
2.2 Solidification path of Ti-47Al-2Nb-2Cr alloy during
SEBM process

From SEM-BSE images in Fig.3 and XRD patterns in Fig.4,
it can be found that the Ti-47AI-2Nb-2Cr alloy structure
consists of white B2 phase, black y phase and gray a, phase.
White contrast B2 phase exists at the grain boundary and the
lamellae boundary, which are clearly identified due to the
segregation of heavy elements. As it was reported™, for
casting process of TiAl alloy with concentrations of 47 at% Al,
primary g phase is formed first followed by the peritectic
formation of the a phase and exhibits dentrite structures. But
the SEBM Ti-47AI-2Nb-2Cr (at%) alloy exhibits the structure
consisting of relatively fine equiaxed grains, without dendrites
structure. So for the SEBM Ti-47AIl-2Nb-2Cr alloy, solidify-
cation takes place solely through the g phase, which is
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different from the as-cast alloy and there is no peritectic

a

Fig.3 SEM-BSE section images for the top (a) and bottom (b) of
SEBM-fabricated test specimen
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Fig.4 XRD pattern of the SEBM-fabricated test specimen

reaction. The solidification process is mainly determined by
kinetic factors, since the small melt pool and the rapid cooling
experience in the SEBM, the phase transformation process
during solidification often occurs far from thermodynamic
equilibrium. It can be seen that the morphology is similar to
that of lamellar near-o Ti binary alloy which occurs in
p-solidifying. This morphology can be explained by the
following phase transformation path: L > L+ —> g —> f+a
— a — o + y. In the f—p+a transformation, « platelets
precipitate from the £ phase. This leads to the segregation of
Ti to ribs of remaining B2 phase. Subsequently, y lamellae are
precipitated within the « platelets.
2.3 Post heat treatment of SEBM fabricated Ti-47Al-
2Nb-2Cr alloy

As shown in Fig.2 and Fig.3, the microstructures of as-SEBM

Ti-47Al-2Nb-2Cr alloy in the top and bottom parts are a little

different. A series of subsequent heat treatments were performed
in order to develop a fine and uniform microstructure.
According to the report™, the o-transus temperature of
traditional Ti-47AI-2Nb-2Cr alloy is about 1350 <C. Post heat
treatments at 1250 < for 2 h in the duplex phase field and
1300 <C for 10 min in the near a phase field were carried out.
Fig.5 shows that the post heat treated microstructures are more
homogeneous than the initial one, but these alloys all exhibit
coarse fully lamellar microstructure, which are similar to the
microstructure heat treated in the single « phase for the
conditional Ti-47Al-2Nb-2Cr (at%) alloy. TiAl samples
prepared by the SEBM method is thermodynamic unstable
because of the high thermal residual stresses. Such non-
equilibrium state could lower the o-transus temperatures of, so
holding temperatures of 1250 and 1300 <T are all in the single
o-phase field, the a-transus temperature is about 1250 <C for the
SEBM Ti-47Al-2Nb-2Cr alloy, which is lower than that of the
traditional Ti-47AIl-2Nb-2Cr (at%) alloy. When heat treated at
single a-phase, holding time is a critical factor for the grain size.
Smaller grains are observed after holding at higher temperature
(1300 <T) for 10 min, while the grains grow significantly after
holding at lower temperature (1250 <C) for 2 h.

Fig.5 shows that the homogenous microstructure can be
achieved easily by the post heat treatment, but the grain
coarsening is difficult to be controlled during the treatment, so
some special treatment is necessary to get a fine and
homogenous structure. The formation of “massive gamma” in
TiAl alloys containing 46 to 48 Al has been used to refine the
microstructures in cast TiAl alloys for years™, and this way has
been used in the present study. Fig.6a shows the microstructure
of the Ti-47AI-2Nb-2Cr (at%) alloy which is treated at 1250 <C
for 10 min then is oil quenched. Massive y is developed from

Fig.5 Microstructures of specimens heat treated at 1250 <C for
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2 h (a) and at 1300 <C for 10 min (b)

50 pm

Fig.6 Microstructures of the Ti-47Al-2Nb-2Cr alloy treated at
1250 <€ for 10 min then oil quenched (a) and followed
by treating at 1200 <C for 2 h (b)

the high-temperature « phase and formed in a displacive
transformation without long-range diffusion and consists of
heavily faulted y phase. Fig.6b shows the microstructure of the
alloy after oil quenching followed by treating, at 1200 <C for 2
h. When massive y is subsequently heat treated within the (a+y)
phase field, a will be precipitated on the massive gamma and a
very fine microstructure consisting of fine a, platelets within a y
matrix is formed.

3 Conclusions

1) The lamellar colonies and lamellae all coarsen from the

top to the bottom of the SEBM specimen due to the cyclic
heat treatment during the SEBM process.

2) Due to the rapid cooling and the cyclic heat treatment
during the SEBM process, solidification takes place solely
through the S phase, and phase transformation path isL — L +
popfopro—a—a+y.

3) Different microstructures can be got after different heat
treatments. A fine and homogeneous microstructure can be
achieved after oil quenching from 1250 <C followed by
treating at 1200 <C for 2 h.
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B FRIEXIBURT X EERAIEG Ti-47A1-2Nb-2Cr &€ B HiZHER
W, BSOS, B R, B2, x| M, T OB, mEw
(FILBHEEEH AR SRS AMEHERESLR=, Bt i 710016)

OB ST AREX ISP G LA S Ti-47AI-2Nb-2Cr & & B ZUEAT 708, T8 7 BB I RE & St RN [ A AR AR i
Fio ZERRH, BT HEXIBILEIE Ti-47AI-2Nb-2Cr &SRO/ p-TIAL Rl ap-TisAl LR 2454, (EJ& BT BT HIEXIE
AT I R VA A B BRSO 8 I A IE F , BURRE S 10 J2 i BRI )2 56 B B VR i % 7 AL AN B TR AR KA 5 o & 4y sk
B FSEL T g RMX, HEF Lo>L+f—p—f+a—a—a+y KHAESE. ATHINE S SMAR, Xo T8k K E LR
FERESHET T AR EE, iR 1250 CIMVESG 1200 CHRIE 2 h, 3517 4/NYSIR 2SI A L.

KA TIALEEA G HOMBIGER AR d 7 Ok X Y

EZIN: ¥ 52, Lo, 1985 4, fit:, Wik LB A &8 2 LR E R E S5l =, B 7i% 710016, Hi%: 029-86231095,
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